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With the increasing global energy demand and environmental problems, the photoreduction of CO, into
valuable chemical materials is considered to be an ideal way to recycle carbon resources. Naturally, the
design and synthesis of efficient photocatalysts used for the photocatalytic reduction of CO, still face
great challenges. Herein, a series of stable hybrid photocatalysts TpPa@IEF has been produced by inte-
grating the two-dimensional covalent organic framework TpPa-1 with the Ti-based metal-organic
framework IEF-11. The photocatalytic performance of TpPa@IEF has been evaluated via gas—solid reac-
tion mode under visible light as well as no sacrificial agents and photosensitizers. The experimental
results show that TpPa@IEF exhibits excellent photocatalytic activity in pure and dilute CO, (10%) environ-
ments. The introduction of IEF-11 has resulted in a significant improvement in photocatalytic perform-
ance; TpPa@IEF achieved a great CO generation rate of 78.87 pmol g=* h™* in pure CO,, notably, and
obtained another excellent CO generation rate of 116.47 pmol g™ h™ in dilute CO, (10%), which are 3.63
and 4.93 times higher than that of TpPa-1, respectively. The excellent photocatalytic performance of
TpPa@IEF hybrids stems from the high charge separation efficiency and CO, capture ability, as well as the
abundant catalytic active sites. The preparation of TpPa@IEF hybrid materials presents a novel perspective
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Introduction

The excessive consumption of fossil fuels leads to the increas-
ing concentration of carbon dioxide (CO,) in the atmosphere,
which leads to a series of environmental problems, for
example, the greenhouse effect. Therefore, developing new
technologies for the enrichment and conversion of CO, and
realizing closed-loop utilization of CO, can alleviate the energy
and environmental crisis. The strategies for the conversion of
CO, include photochemical conversion,”* biological
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for the design and synthesis of efficient photocatalysts.

conversion,>* CO, hydroconversion® and electrochemical
conversion.*” Compared with other methods, the reduction of
CO, into renewable fuels using photocatalysts has many advan-
tages and is considered to be an environmentally friendly and
efficient method to realize the carbon cycle. Therefore, there is
an urgent need to develop an efficient photocatalyst that can
capture visible light and effectively suppress the recombina-
tion of photogenerated carriers, converting CO, into chemical
materials effectively.

As a booming family of porous materials, covalent organic
frameworks (COFs) composed of organic molecules assembled
through covalent bonds have been the subject of wide-ranging
research in various areas such as catalysis, gas storage,
sensing, etc.®® With long-range ordered structures, designable
band gaps, and large surface areas, COFs have appeared as a
new family of photoactive materials for photocatalytic
reduction of CO,.'® In addition, most COFs have extensive
light trapping in the visible region due to the absorption pro-
perties of functional groups and large conjugation systems.
Based on these advantages, Lostch et al.'’ employed TFPT-
COF as a photocatalytic platform to achieve an efficient cata-
Iytic activity for the first time. Although COFs show many
advantages in the photocatalysis field,'* severe charge carrier
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recombination remains the main obstacle to further optimiz-
ing their photocatalytic performance. Therefore, various
approaches, including ligand functionalization, metal doping,
and heterostructure construction, have been developed to
address the above problem."”>™*® Until now, there have been
several examples of COF-based photocatalysts, such as Au/
TAPB-DMTP-COF, «o-Fe,O;/TpPa-2-COF and MoS,/TpPa-1-
COF, which could effectively solve the problem of low carrier
utilization efficiency, resulting in enhanced photocatalytic
activity."®™'® The valuable achievements provide an important
idea for the design of new composite catalysts.

Metal-organic frameworks (MOFs), which are another class
of crystalline porous materials, exhibit the advantages of large
surfaces, bountiful active catalytic sites, and tunable and
designed structures.'® Up to now, some famous frameworks
such as the UIO, PCN, ZIFs and MIL series have been widely
studied and are extensively applied in the fields of gas adsorp-
tion and separation,>®*! energy storage,>>** drug transport>*?>
and catalysis,”® especially in the field of photocatalysis.?”>°
Among the reported MOFs, the inherent advantages of Ti-
based MOFs, such as high chemical stability, good photo-
catalytic activity, and being clean and pollution-free, are widely
studied and applied.*"** However, there are a few reports on
Ti-based MOFs explored in the area of photocatalytic reduction
of CO,.*

The reported works on COF-based photocatalysts inspire us
to develop new hybrid photocatalysts. MOFs have been demon-
strated to be able to form heterojunctions with COFs well,****
and the photocatalytic performances of the generated hybrid
materials suppress those of each monomer. Due to their
advantages of large surface areas, available porosity and
sufficient active sites, as well as their good visible light trap-
ping ability, MOFs and COFs can be used as excellent substi-
tutes for building hybrid photocatalysts. Therefore, IEF-11 as a
Ti-based MOF with abundant catalytic active sites and good
electron transport ability and TpPa-1 as a Schiff base COF with
good visible light capture ability are selected to construct
hybrid photocatalysts to achieve great photocatalytic perform-
ances. Moreover, IEF-11°° and TpPa-1*" have good thermal
and chemical stability, which is very beneficial for building a
stable photocatalyst.

Based on this background, a class of heterostructured
hybrid photocatalysts TpPa@IEF based on 3D Ti-based MOF
IEF-11 and 2D COF TpPa-1 have been successfully proposed in
this work, which have a core-shell structure with TpPa-1 as the
core and IEF-11 as the shell and exhibit great chemical stabi-
lity. Their photocatalytic performances towards CO, have been
evaluated driven by visible light under both pure CO, and low
CO, concentration (10%). These heterogeneous photocatalysts,
TpPa@IEF, are able to achieve CO generation rates of
78.87 pmol ¢ h™ and 116.47 pmol g~* h™" in pure CO, and
10% CO, environments, respectively. Furthermore, a series of
characterization studies demonstrates that excellent photo-
catalytic performance is ascribed to the high charge separation
and transfer efficiency and CO, capture ability, as well as the
abundant catalytic active sites.
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Experimental section

The chemical reagents and solvents used in this work are com-
mercially available and were used directly. They are listed in
the ESL{ The detailed synthesis process, photochemical test
methods and photocatalytic performance tests of all materials
are given in the ESL{

Results and discussion

Herein, a series of hybrid photocatalytic materials based on
TpPa-1 and IEF-11 were designed and synthesized with the
help of the solvothermal method (Scheme 1). 2D COF TpPa-1
was pre-synthesized through the classical Schiff base reaction.
Then, the as-synthesized TpPa-1 was placed in the mixed
system containing titanium isopropoxide and 3,4-dihydroxycy-
clobut-3-ene-1,2-dione, which were heated in an oven, in order
to obtain the target hybrid photocatalysts TpPa@IEF. The
obtained hybrid photocatalytic materials were named
TpPa@IEF-X (X is 50, 100 and 150) according to the mass of
TpPa-1 used.

The chemical structure and the purity of the as-synthesized
samples were evaluated via powder X-ray diffraction (PXRD)
analysis. The PXRD pattern of the IEF-11 displays real evi-
dence, consistent with the corresponding simulation (Fig. 1a),
demonstrating the successful construction of IEF-11. All the
diffraction peaks of TpPa@IEF-X are similar to those of IEF-11
and TpPa-1 in the PXRD patterns, indicating that the success-
ful integration of IEF-11 and TpPa-1 does not affect their struc-
tures. Meanwhile, the as-synthesized TpPa@IEF-150 was
selected to demonstrate the chemical stability of the prepared
photocatalysts. The samples were immersed in different pH
solutions for 24 h, and then, the obtained samples were sub-
jected to PXRD and FT-IR measurements. The test results
certify the great chemical stability of the obtained composite
photocatalysts (Fig. S1 and S27). It should be mentioned that
the XPS measurements of TpPa@IEF-150 after treatment with
different pH solutions have demonstrated that the elemental

Isopropyl Ti(OPr)
alcohol

120°C, 48 h E

Squaric acid

Mesitylene/
Dioxane/
Acetic acid

-
120°C, 72 h

TpPa@IEF

Scheme 1 The schematic diagram of TpPa@IEF-X.
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Fig. 1 (a) The PXRD patterns of IEF-11 and TpPa@IEF-X, and (b) the
FT-IR spectra of TpPa-1, IEF-11 and TpPa@IEF-X.

valence states and binding energy magnitudes remain
unchanged (Fig. S3-S7f), and the SEM images of
TpPa@IEF-150 after treatment in different pH solutions
further demonstrate the structural stability of the material
(Fig. S8-S101). Moreover, the thermogravimetric analysis
shows that the samples are capable of maintaining good
thermal stability until 300 °C (Fig. S117).

Fourier transform infrared (FT-IR) spectroscopic analysis
was employed to reveal the characteristic chemical bonds of
the prepared samples, which was used to confirm the structure
of the composite photocatalysts. Fig. 1b shows that the charac-
teristic absorption peak at 640 cm™" belongs to the stretching
convulsion of the Ti-O bonds in IEF-11.>® The strong charac-
teristic peaks at 1521 cm™" and 1251 cm™" are attributed to the
stretching vibrations of the C=C bond and the p-ketamine
bond C-N, respectively.’® The appearance of the characteristic
peak at 1632 cm™" is due to the vibration of the C=0 bonds of
the 3,4-dihydroxycyclobut-3-ene-1,2-dione and Tp. The FT-IR
spectra demonstrate that TpPa-1 and IEF-11 have been success-
fully synthesized and the vibrations of the characteristic peaks
of TpPa-1 and IEF-11 can be shown in the hybrid material.

The apparent morphology of the as-synthesized samples is
observed by the scanning electron microscopy (SEM) character-
ization (Fig. 2a-d). The SEM image shows that the morphology
of IEF-11 exhibits a regular structure of hexagonal prisms,
whose sizes are less than 100 nm. In the hybrid photocatalysts
TpPa@IEF-X, IEF-11 grows on the surface of TpPa-1, where
IEF-11 particles become smaller and more irregular as the
mass of TpPa-1 increases. In TpPa@IEF-50 and
TpPa@IEF-100, the particles of IEF-11 grow on the surface of
TpPa-1 thickly, while IEF-11 particles are thinly distributed on
the surface of TpPa-1 in TpPa@IEF-150. The difference in the
surface morphology of TpPa@IEF-X may have an explicit effect
on the photocatalytic CO, reduction. The TEM images show
that TpPa-1 has a petal-like structure with a smooth surface.
Therefore, the images of TpPa@IEF-X reveal smaller IEF-11
particles covering the surface of the rod-like structure from
TpPa-1, resulting in a rough and irregular surface, compared
to that of TpPa-1, demonstrating that IEF-11 is successfully dis-
tributed at the surface of TpPa-1. In a word, TpPa@IEF-X
exhibit a core-shell structure, where TpPa-1 serves as the core
and IEF-11 as the shell.

The chemical state of each element in TpPa@IEF-150 has
been further investigated by X-ray photoelectron spectroscopy
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Fig. 2 SEM images of (a) IEF-11, (b) TpPa@IEF-50, (c) TpPa@IEF-100,
and (d) TpPa@IEF-150, and TEM images of (e) TpPa-1 and (f)
TpPa@IEF-100.

(XPS) measurements. Through full spectrum scanning
(Fig. S127), the binding energies of the C, N, Ti and O
elements were determined to be 283.0 eV, 398.0 eV, 457.0 eV
and 530 eV, respectively. The high-resolution XPS spectrum of
C 1s is shown in Fig. 3a, where the binding energies of 283.14
eV, 287.15 eV and 284.8 eV correspond to the characteristic
peaks of C=N, C-N and C=C bonds, respectively. As shown in
Fig. 3b, the high-resolution spectrum of N 1s indicates that the
characteristic peak (398.23 eV) is due to the C=N bond and
the peak with a binding energy of 399.86 eV is derived from
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Fig. 3 High-resolution XPS energy spectra of TpPa@IEF-150: (a) C 1s,
(b) N 1s, (c) O 1s, and (d) Ti 2p.
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the C-N bond (Fig. 3b). The binding energy of 530.25 eV in the
high-resolution spectrum of O 1s corresponds to the character-
istic peak of the Ti-O bond, while the characteristic peak at
the binding energy of 531.53 eV is attributed to the C=0O
bonds of IEF-11 (Fig. 3c). The high-resolution spectrum of Ti
2p shows the existence of binding energies of 457.20 eV and
462.94 eV, corresponding to the two characteristic peaks of Ti
2ps, and Ti 2py, (Fig. 3d), respectively.

The CO, adsorption curves of TpPa-1, IEF-11 and
TpPa@IEF-X samples are recorded at room temperature. The
calculated results show that the CO, adsorption capacities of
IEF-11, TpPa@IEF-50, TpPa@IEF-100, TpPa@IEF-150 and
TpPa-1 increased sequentially, corresponding to 9.16 cm® g™,
24.32 em® g7', 26.84 ecm® g7, 29.06 cm® ¢! and 42.44 cm®
g, respectively (Fig. S131). Therefore, the composite photoca-
talysts TpPa@IEF-X inherit the adsorption ability of TpPa-1
toward the substrate CO,, and the introduction of TpPa-1
could be beneficial for the CO, photocatalytic reduction reac-
tion. To evaluate the light absorption capacity of the catalyst,
their optical absorption ability was investigated by UV-vis
diffuse reflectance spectroscopy (DRS). The absorption edge of
IEF-11 locates at about 570 nm, which is narrower than that of
TpPa-1. The optical absorption edges of the hybrid materials
TpPa@IEF-X are similar to that of TpPa-1 and red-shifted
(approximately 630 nm) compared to that of IEF-11 (Fig. 4a).
The composite photocatalysts TpPa@IEF-X inherit the excel-
lent light capture ability of TpPa-1 and can achieve a light
absorption range similar to that of TpPa-1. Through analyzing
the DRS spectra, the correlation band gaps with the values of
2.37 €V and 2.14 eV have been calculated for IEF-11 and TpPa-
1 with the help of the K-M formula, respectively (Fig. 4b).
Furthermore, the band structures of IEF-11 and TpPa-1 could
be established with assistance from the Mott-Schottky (M-S)
experiment. The flat band potentials of IEF-11 (Fig. S147) and
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Fig. 4 (a) UV-vis absorption spectra of IEF-11, TpPa-1 and TpPa@IEF-X;
(b) band gaps of IEF-11 and TpPa-1; (c) transient photocurrent response
graphs of TpPa-1, IEF-11 and TpPa@IEF-X; and (d) photoluminescence
spectra of TpPa-1 and TpPa@IEF-X.
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TpPa-1 (Fig. S15t) are —1.08 eV and —0.81 eV vs. the Ag/AgCl
electrode, corresponding to —0.88 eV and —0.61 eV (vs. NHE),
respectively, according to the M-S plots. Based on the positive
slope in the M-S plots of IEF-11 and TpPa-1, it is concluded
that both of them are n-type semiconductors. Naturally, the
conduction bands of IEF-11 and TpPa-1 are determined to be
—1.08 eV and —0.81 eV, respectively. Naturally, their valence
bands are further calculated to be 1.29 eV (IEF-11) and 1.33 eV
(TpPa-1), respectively, based on the energy band relationship.

With the help of photoelectrochemical tests, the syn-
thesized photocatalytic materials TpPa@IEF-X are character-
ized for their photoelectrochemical properties. The photo-
luminescence (PL) spectrum is employed to evaluate the
recombination rates of photo-generated electron and hole
pairs.

The PL intensities of TpPa-1 and IEF-11 are significantly
higher than those of the hybrid material TpPa@IEF-X, and the
PL intensities of TpPa@IEF-150, TpPa@IEF-100 and
TpPa@IEF-50 decrease sequentially (Fig. 4d), which proves
that the introduction of IEF-11 effectively reduces the recombi-
nation of photogenerated carriers in the hybrid materials
TpPa@IEF-X and the photoluminescence process is sup-
pressed, providing more photogenerated electrons for the
photocatalytic reduction of CO,. In addition, transient photo-
current response tests further reveal the ability of the sample
to separate photogenerated electrons and holes. The transient
photocurrent response shows that the photocurrent density of
the hybrid materials TpPa@IEF-X is much higher than those
of the original TpPa-1 and IEF-11, demonstrating that the
introduction of IEF-11 indeed improves the separation
efficiency of photogenerated electrons and holes. In the
electrochemical impedance spectrum, the composite photoca-
talysts TpPa@IEF-X exhibit a smaller Nyquist semicircle radius
compared to TpPa-1 and IEF-11, which indicates that
TpPa@IEF-X have faster interfacial charge transfer rates
(Fig. S167).

Under the illumination of an LED light source, the home-
made photocatalytic reactor was filled with different concen-
trations of CO, gas and a few drops of water to conduct the
photocatalytic CO, reduction reaction experiment. The photo-
catalytic reduction procedure is a more advanced gas-solid
reaction with water as the reducing agent under the condition
of no photosensitizer and sacrificial agent, where the main
product is CO as well as a little H,. The results of the photo-
catalytic reduction of CO, show that the prepared photocata-
lysts display high selectivity, in which TpPa@IEF-X possess
>90% selectivity (Table S11). The CO generation rates of these
composites TpPa@IEF-50, TpPa@IEF-100 and TpPa@IEF-150
are 46.48 pmol g h™", 78.87 pmol g™ h™" and 57.61 umol g~*
h™', respectively, and their CO generation rates increase by
2.14, 3.63, and 2.65 times, compared to that of TpPa-1. It can
be seen that the photocatalytic activity of TpPa@IEF-X in a
pure CO, environment is higher than those of TpPa-1
(21.72 pmol g * h™") and IEF-11 (17.84 pmol g~ h™") (Fig. 5a).
Moreover, a controlled experiment was also carried out. The
photocatalytic capability of the physical mixture based on

This journal is © the Partner Organisations 2023
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Fig. 5 CO formation rates (a) in a pure CO, environment and (b) in a
10% CO, environment.

TpPa-1 and IEF-11 was evaluated, and it should be mentioned
that its photocatalytic performance is lower than that of the
hybrid materials TpPa@IEF-X. Additionally, the formation
rates of CO by TpPa@IEF-100 at certain times are shown in
Fig. S17.f Notably, the same photocatalytic CO, reduction
experiment was also performed under solar illumination, and
the formation rate of CO by TpPa@IEF-100 was only 1.57 pmol
g~' h™". Therefore, to determine the key factors in the photo-
catalytic CO, conversion process, a series of controlled experi-
ments was conducted. When the steps of the CO, reduction
reaction are taken in the dark, the reaction system is comple-
tely inactive and no products are produced. If the photocatalyst
is removed, only water and CO, are present in the reaction
system, and no products appear. When replacing CO, in the
reaction system with N,, the photocatalytic reaction is per-
formed under the same test conditions, and no reaction pro-
ducts are detected, indicating that the generated CO indeed
results from the introduced CO,.

Nowadays, the concentration of CO, in anthropogenic emis-
sions from thermal power plants and flue gases is relatively
low.>® Therefore, there is an urgent need to convert CO, into
useful chemicals at low concentrations because the uptake
and activation of CO, at low concentrations are very difficult.*’
Although photocatalysts exhibit superior activity in pure CO,,
it is a huge challenge to the continue good catalytic perform-
ance at low CO, concentrations. Based on this background, the
photocatalytic performances of samples are evaluated in a
dilute CO, gas (10% CO, and 90% N,) environment. It is sur-
prising that TpPa@IEF-X hybrid materials show excellent
photocatalytic performances with high product selectivity
(>90% Table S1t). The CO generation rates of TpPa@IEF-50,
TpPa@IEF-100 and TpPa@IEF-150 are 88.32 pmol g h™',
90.21 pmol ¢~* h™ and 116.47 pmol g~' h™', respectively
(Fig. 5b). TpPa@IEF exhibit excellent photocatalytic perform-
ances in both pure CO, and dilute CO, (10%) environments. It
should be mentioned that the O, generation rates of the com-
posite samples were also calculated, as given in Fig. S18 and
S19.f Subsequently, two samples, TpPa@IEF-100 and
TpPa@IEF-150, were selected to test the durability of photo-
catalytic CO, reduction, and the samples were still able to
maintain high catalytic activity after four cycles of testing
(Fig. S20 and S217). Notably, the photocatalytic effect in the
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dilute CO, (10%) environment is superior compared to that in
the pure CO, system due to the advantage of CO, enrichment
resulting from -OH in TpPa-1,"" which allows the photo-
catalytic reduction of the CO, reaction to proceed fully, result-
ing in an excellent photocatalytic effect. In summary, the pre-
pared photocatalysts surpass the catalytic activity of the parent
TpPa-1 and IEF-11 in pure CO, and dilute CO, (10%) environ-
ments. Driven by visible light, TpPa@IEF provide a constant
source of energy for the occurrence of photocatalytic reduction
reaction with their excellent light absorption ability, and the
reasonable combination can effectively separate and transfer
photogenerated charges, thus improving the conversion
efficiency of CO, into CO. Up to now, TpPa@IEF has outper-
formed some other heterogeneous photocatalysts. Table S27
summarizes and shows the results of the studies on the
reduction of CO, to CH, or CO using COF and its composites
as photocatalysts. Compared with the published research
results, the photocatalysts TpPa@IEF obtain good CO yields
using water as the reducing agent in the CO, photoreduction
process without adding any additives.

The photocatalytic reaction
mechanism

A possible mechanism for the photoreduction of CO, is pre-
sented based on the synergistic effect of TpPa-1 and IEF-11
(Fig. 6). Because after photoexcitation, the photogenerated
electrons of IEF-11 leap from the VB to the CB, and then trans-
fer to TpPa-1 for reducing CO,. The ordered arrangement of
Ti-O-Ti bonds in IEF-11 is beneficial for carrier transport. The
large specific surface area, abundant catalytically active sites
and good CO, capture ability of TpPa@IEF-X provide sufficient
conditions for photocatalytic CO, reduction. Under the
irradiation of solar light, the photogenerated CB of TpPa-1
converts CO, into CO, and the remaining holes of IEF-11 are
consumed by H,O in the reaction system. In the type-II hetero-

Fig. 6 The mechanism of CO, photoreduction by TpPa@IEF-X.
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junction formed by TpPa-1 and IEF-11, the reverse migration
of photogenerated electrons and holes achieves effective separ-
ation and promotes the photocatalytic CO, reduction reaction.

Conclusions

In summary, a series of stable hybrid materials TpPa@IEF-X
based on TpPa-1 and IEF-11 have been prepared and employed
for achieving a visible light-driven, sacrificial agent-free and
photosensitizer-free photoreduction of CO, via the gas-solid
reaction mode, where TpPa@IEF-100 achieves great CO for-
mation (78.87 pmol g~ h™") in a pure CO, environment, and
TpPa@IEF-150 obtains an excellent CO generation rate of up
to 116.47 pmol g~' h™" in a dilute CO, environment. The
photochemical measurements show that the rational coupling
of TpPa-1 and IEF-11 has the natural advantage of broad light
absorption ability, rich active sites and efficient photogene-
rated electron and hole pair separation, finally improving the
photoreduction performance of CO,. This work provides an
effective strategy for the preparation of new high-performance
photocatalysts, indicating that COF@MOF hybrid materials
have promising applications in solar-driven photocatalytic CO,
reduction systems.
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