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Abstract: Titanium metal-organic frameworks (Ti-MOFs), as
an appealing type of artificial photocatalyst, have shown great
potential in the field of solar energy conversion due to their
well-studied photoredox activity (similar to TiO,) and good
optical responsiveness of linkers, which serve as the antenna to
absorb visible-light. Although much effort has been dedicated
to developing Ti-MOFs with high photocatalytic activity, their
solar energy conversion performances are still poor. Herein, we
have implemented a covalent-integration strategy to construct
a series of multivariate Ti-MOF/COF hybrid materials
PAdTCPPCPCN-415(NH,)/TpPa (composites 1, 2, and 3),
featuring excellent visible-light utilization, a suitable band gap,
and high surface area for photocatalytic H, production.
Notably, the resulting composites demonstrated remarkably
enhanced visible-light-driven photocatalytic H, evolution per-
formance, especially for the composite 2 with a maximum H,
evolution rate of 13.98 mmolg'h™' (turnover frequency
(TOF)=227h™'), which is much higher than that of
PAdTCPPCPCN-415(NH,) (0.2 mmolg'h™') and TpPa
(6.51 mmolg™"h™). Our work thereby suggests a new ap-
proach to highly efficient photocatalysts for H, evolution and
beyond.

Introduction

Converting solar energy to sustainable and renewable
energy sources is one of the most promising solutions to
address the global energy crisis and environmental pollution
issue.' Among these, photocatalytic hydrogen production
from water splitting has become a targeted goal of human
society to gain clean energy.”! Although a great deal of effort
has been devoted to developing photocatalysts, including
molecular photocatalysts,””! organic and inorganic semicon-
ductors! and their composites®! for effective hydrogen

evolution, it remains challenging to achieve efficient visible-
light conversion, rapid separation of photogenerated elec-
trons (e) from holes (h), and sustainable recyclability.
Because of its high effectiveness, stability, abundance, and
low toxicity, titania (TiO,) has been widely used for water
splitting reaction to generate hydrogen.'“l However, the
poor visible-light responsiveness and the detrimental photo-
generated e-h recombination of TiO, severely impedes its
practical application due to its intrinsically wide band gap
(~3.2¢eV) and the easy aggregation during its nano-sized
preparation process.”’ Given that visible-light accounts for
about 42-43 % of solar energy, extending the light absorption
to the visible-light region will significantly improve solar
energy capture capacity thereby affording high photocatalytic
activity.’! Moreover, constructing porous semiconductors
based on TiO, can promote the photogenerated e-h separa-
tion owing to the high surface area and porosity.['*”-*

As a class of porous semiconductors, titanium metal—-
organic frameworks (Ti-MOFs), constructed from the coor-
dination of Ti-oxo clusters and organic ligand, have shown
great potential in photocatalysis benefiting from their high
surface area, excellent chemical stability, and tunable func-
tionalities."”? The Ti-oxo clusters acting as the analogs of TiO,
can impart Ti-MOFs with photocatalytic activity;I"!l the highly
crystalline nature can make the photosensitizers and catalytic
sites configured in the microcrystalline lattice, which effec-
tively suppresses the recombination of photogenerated e-h;
additionally, the outstanding surface area and porosity
facilitate the substrate/product transport and access to the
active sites, endowing Ti-MOFs with excellent photocatalytic
activity and good recyclability. More importantly, the optical
responsiveness and band gaps can be finely tuned by
judiciously changing the photoactivity of organic li-
gands."® 12l However, the photocatalytic hydrogen evolution
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performance of Ti-MOFs currently is still poor as a result of
the low visible-light utilization.

One key for enhancing the photocatalytic activities of Ti-
MOFs is to expand the visible-light response range, which can
be achieved through the construction of multi-functionaliza-
tion via introducing appropriate functional groups like metal-
loporphyrin®™ or the hybridization with other functional
materials including covalent organic frameworks (COFs),™
metal nanoparticles,™ and organic dyes.""! These approaches
can bestow the resulting composites with greater photo-
catalytic traits than their parent Ti-MOFs from the synergistic
effects. As a type of well-known artificial light-harvesting
molecules, metalloporphyrins, such as Pd-, Pt-, and Rh-
porphyrins,””! have been extensively explored to mimic the
natural photocatalysis due to the following merits: (i) the
favorable energy position of porphyrins can facilitate the
production of photoexcited carriers under visible-light irra-
diation; (ii) the conjugate macrocycle structure with multiple-
anchors in porphyrins can promote the charge separation and
the electron mobility during photocatalytic process; and (iii)
porphyrin rings consisted of four tetrapyrrole moieties can
coordinate and stabilize different metal ions to work as the
light-harvesting center or active catalysis center. Therefore,
introducing metalloporphyrin ligands into MOFs to construct
multivariate Ti-MOFs (MTV-Ti-MOFs) via coordination
bond will give rise to effective photocatalytic conversion
performance. More recently, COFs, especially imine-based
COFs, acting as a new class of crystalline porous materials
constructed by covalent bonds, have exhibited notable
potential in photocatalysis due to excellent optical response,
good crystallinity, high porosity, and tunable functionaliza-
tion."® The well-stacked m-m arrays can result in high
photoconductivity or charge mobility, thereby meditating
the electronic interaction for enhanced charge transfer
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Scheme 1. The schematic synthesis of MTV-Ti-MOF/COF.
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capability. Additionally, the imine-based COFs usually in-
clude homogeneously distributed heteroatoms (N) which can
render them the ability to anchor and disperse metal nano-
particles. Taken altogether, we anticipate that combining the
metalloporphyrin functional MTV-Ti-MOFs with imine-
based COFs will not only inherit the characteristics of parent
species but also afford superior photocatalysis that individual
pristine species can hardly achieve.

Herein, we report a new type of MTV-Ti-MOF/COF
hybrid photocatalysts through implementing a covalent-inte-
gration strategy for visible-light-driven photocatalytic H,
production. Tetratopic Pd-porphyrin ligand was chosen to
incorporate into PCN-415(NH,)!"*™ through in situ one-pot
synthesis based on coordination bonding, giving rise to
a MTV-Ti-MOF, PATCPPCPCN-415(NH,), which features
the integration of desired multi-functionalities and high
chemical stability (Scheme 1).!! The 2D imine-based COFs,
TpPa, was selected to construct the hybrid materials due to its
matching band gaps and effective visible-light adsorption
performance."™! A series of PATCPPCPCN-415(NH,)/TpPa
composites with different amounts of MOFs, denoted as 1, 2,
and 3, were synthesized by covalently connecting -NH, of
MTV-Ti-MOFs with the -CHO of COFs during the synthetic
process of TpPa (Scheme 1). The resulting 1, 2, and 3 present
efficient visible-light-driven photocatalytic H, evolution per-
formances attributed to the excellent optical response,
suitable band gap, and high surface area. Remarkably,
composite 2 represents the best photocatalytic activity with
a maximum H, evolution rate of 13.98 mmolg 'h~' (TOF =
227 h™"), which is much higher than the prototypical counter-
parts, PATCPPCPCN-415(NH,) (0.21 mmolg'h™") and TpPa
(6.51 mmolg~'h™"), and is one of the best photocatalysts for
H, evolution among MOFs- and COFs-based photocatalysts
(Supporting  Information, Table S3)  reported thus

MTV-Ti-MOFs/COFs
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far [120-140170.18¢201 Moreover, the photocatalytic mechanism
has been well elucidated by the steady-state photolumines-
cence spectra, apparent quantum efficiency experiments, and
molecular simulation.

Results and Discussion

PdTCPPCPCN-415(NH,) was obtained through solvo-
thermal reaction of NH,BDC, PdATCPP with Ti(‘OPr),/ZrCl,
in N,N-dimethylformamide (DMF) at 135°C (Scheme 1). The
ratio of NH,BDC and PdTCPP is 16.3:1 as determined
through 'H NMR of digested PATCPPCPCN-415(NH,) sam-
ple (Supporting Information, Figure S2). TpPa was chosen to
construct the hybrid materials given the dynamic reversible
feature of imine-bond and enol-ketone interconversion,
which can transform into ultra-stable keto-amine moieties
(irreversible)  (Scheme 1).  Both  the  synthesized
PdTCPPCPCN-415(NH,) and TpPa powders present highly
crystalline powder X-ray diffraction (PXRD) patterns, which
are consistent with the simulated PXRD (Figure S3). Three
MTV-Ti-MOF/COF hybrid materials, denoted as 1, 2, and 3,
were produced by doping different amount of
PAdTCPPCPCN-415(NH,) into the reaction system of TpPa
at 120°C for 5 days (Scheme 1). The PXRD patterns of all the
three composites match very well with simulated patterns of
PdTCPPCPCN-415(NH,) and TpPa, confirming the forma-
tion of TpPa and the structural preservation of
PATCPPCPCN-415(NH,) after the assembly process (Fig-
ure S3). The *C CP/MAS NMR spectra of composite 2 is
consistent with that of PATCPPCPCN-415(NH,) and TpPa,
further proving the successful formation of hybrid materials
(Figure S4). The FT-IR spectra agree well with
PdTCPPCPCN-415(NH,) and TpPa (Figure S5). Notably,
the peak at ~ 1620 cm ™' corresponds to the typical stretching
band of -C=N, suggesting the formation of imine-based bond
between PATCPPCPCN-415(NH,) and TpPa (Figure S6). In
addition, the X-ray photoelectron spectroscopy (XPS) anal-
ysis for composite 2 was performed to further confirm the
existence of -C=N bond with the binding energy at 288.3 eV
(Figure S7).

Thermogravimetric analyses (TGA) were carried out to
evaluate their thermostability, revealing that all three hybrid
materials can be stable up to 350°C (Figure S8). N, (77 K)
sorption isotherms were performed to assess their permanent
porosity (Figure 1a; Figure S9, Table S1). The Brunauer-
Emmett-Teller (BET) surface area (Sggr) of TpPa is
996 m?’g !, whereas the value is 487m’g ' for
PdTCPPCPCN-415(NH,). With the increasing amount of
PdTCPPCPCN-415(NH,), the Sggr of three composites
gradually decrease, with the values of 680 (composite 1),
653 (composite 2), and 594 (composite 3) m*g ', respectively,
which are much higher than PATCPPCPCN-415(NH,). The
total pore volumes of all the three synthesized composites are
0.39 (composite 1), 0.39 (composite 2) and 0.33 (composites
3) cm®g !, respectively. The pore size distribution of compo-
sites 1, 2, and 3 based on the density functional theory (DFT)
are comparable with the reported values (Figure S15). The
scanning electron microscope (SEM) analyses indicate that
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o PATCPPPCN-415(NH) @ 2
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Ti

Figure 1. a) The N, adsorption isotherms of PATCPPCPCN-415(NH,),
TpPa, and composite 2. b) SEM images of PATCPPCPCN-415(NH,),
) TpPa, and d) composite 2. e) HTEM mages and the corresponding
elemental mappings of C, N, O, Ti, Zr, Pd, and Pt for Pt@2.

the morphology of as-synthesized PATCPPCPCN-415(NH,)
and TpPa samples are uniform (Figure 1b,c). The different
morphologies of PATCPPCPCN-415(NH,) and TpPa make
them easily to distinguish, manifesting that PATCPPCPCN-
415(NH,) nanoparticles can be uniformly attached on the
surface of TpPa samples (Figure 1d). The aberration-correct-
ed high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images were performed
to unveil the uniform stick-like morphology of composites
(Figure S16). Furthermore, the images of element mapping
were carried out to confirm that C, N, O, Ti, Zr, Pd are evenly
distributed throughout the entire framework (Figure 1e).
The UV-vis diffuse reflectance spectra (DRS) were
measured to manifest that PATCPPCPCN-415(NH,) exhibits
broadly intense optical absorbance below 850 nm, covering
the whole UV/vis region even near infrared, whereas TpPa
presents intense absorbance below 640 nm (Figure 2a; Fig-
ure S19). The hybrid materials, 1, 2, and 3, not only inherit the
optical nature of TpPa, but also display more intense optical
absorbance from 640 to 850 nm due to the introduction of
PATCPPCPCN-415(NH,) (Figure S19). The optical band
gaps of PATCPPCPCN-415(NH,) and TpPa were estimated
to be 1.75 and 2.05 eV, respectively, on the basis of the UV-vis
DRS, suggesting excellent adsorption in visible-light region
(Figure S20). Notably, PdTCPPCPCN-415(NH,) presents
a significantly decreased optical band gap compared with
PCN-415(NH,) (1.99 eV)'®™ resulted from the introduction
of PATCPP ligand with excellent visible-light adsorption.

© 2021 Wiley-VCH GmbH
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ascorbic acid (SA) as a sacrificial reagent, and
potassium tetrachloroplatinate as precursor for in
situ formation of platinum nanoparticles (Pt NPs)
by photo-deposition as the cocatalyst. HAADF-
STEM spectra show that the Pt NPs acted as
bright spots uniformly disperse onto the compo-
site 2 marked with red circles, which were further
identified via HTEM images (Figures S16 and
S18). The HTEM images of composite Pt@2
shows that the d-spacing between two adjacent

3 lattice planes is about 0.23 nm, in agreement with
the spacing of the Pt (111) plane (Figure S18). The
images of elemental mapping confirm the homo-
geneous distribution nature of C, N, O, Ti, Zr, Pd
and Pt throughout the whole structure (Figure 1e;
Figure S17). Initially, the comparative experi-
ments with different contents of Pt confirm that
1.2 wt % Pt loading is the best content for photo-
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Figure 2. a) The solid diffuse reflectance spectra of PATCPPCPCN-415(NH,), TpPa,
and composite 2. b—d) The Mott-Schottky plots, HOMO (inset), LUMO (inset), and

band gaps (inset) of PdATCPPCPCN-415(NH,), TpPa and composite 2.

Similarly, the optical band gap of composite 2 was calculated
to be 1.72 eV (Figure S20). The Mott-Schottky (M-S) meas-
urements were performed to determine the flat band
positions of PATCPPCPCN-415(NH,), TpPa, and composite
2, with the values of —1.00, —0.88, and —0.96 eV vs. Ag/AgCl,
respectively (Figure 2). Strikingly, the slope of M-S plot for
composite 2 is lower than PCN-415(NH,),'”®! indicating the
electron density has increased obviously due to the introduc-
tion of PATCPP ligand and the covalent integration between
the MTV-Ti-MOFs and COFs. In addition, the positive slope
of M-S plots indicates that both the MTV-MOFs and COFs
are n-type semiconductors. Given that the bottom of lowest
unoccupied molecular orbital (LUMO) in typical n-type
semiconductors is equal to the flat-band potential*!! the
LUMO position of PATCPPCPCN-415(NH,) and TpPa are
estimated to be approximately —0.80 and —0.68 eV (vs.
NHE), showing ample potential for photocatalytic H, pro-
duction. Thereby, the highest occupied molecular orbital
(HOMO) of PdTCPPCPCN-415(NH,) and TpPa can be
calculated to be 0.95 eV and 1.37 eV (vs. NHE), respectively.
Owing to the hybrid feature of composite 2, the

LUMO position is between PATCPPCPCN-415- @
a) 7s

catalytic H, production (Figure S22). On the basis
of the optimal catalytic condition, TpPa presents
a H, evolution rate of 6.51 mmolg'h™' after
visible-light irradiation for 5h, whereas
PdTCPPCPCN-415(NH,) displays considerably
slow H, evolution rate (0.21 mmolg 'h™!, Fig-
ure 3a). Significantly, the integrated hybrid composites show
obvious enhanced H, evolution rate, with the maximum of
13.98 mmolg 'h™! for composite 2, which is more than twice
of the pristine TpPa, and one of the best photocatalysts
among MOFs- and COFs-based catalysts reported in liter-
ature (Figure 3a; Table $3).120:140.170.18200 Notably, the H,
evolution rate for composite 2 is 27.67 mmolg 'h™' after
visible-light irradiation for 1h, and gradually decreased to
19.37 mmolg'h™' after 3h, and finally decreased to
13.98 mmolg 'h™" after 5 h. Based on the loaded amount of
Pt, the total turnover number (TON) for composite 2 are
calculated to be ~ 945 and ~ 1136 after 3 and 5 h irradiation,
corresponding to TOF values of ~315 and ~227h’,
respectively. Moreover, the recycle H, evolution experiment
for composite 2 was conducted for over 120 h to evaluate its
photocatalytic durability, unveiling its excellent photocata-
lytic stability in reused 24 consecutive cycles (Figure 3b). The
TON for composite 2 is calculated to be 24508 after 120 h
visible-light irradiation, corresponding to TOF values of
~204 h™!, respectively.

(b) 240

(NH,) and TpPa, with the value of around
—0.76 eV. Combined with its band gap, the
HOMO position of composite 2 is 0.96 eV (vs.
NHE), confirming its type II heterojunction
characteristic.*”

Prompted by the high stability, good porosity,
excellent optical response, and photoactive metal
clusters, photocatalytic H, production experi-

Ha Production (mmol/g)

[—@— PdTCPPcPCN-415(NH,)

|—o— TpPa—o—1
4-0—2—0-3

Hj Production (mmol/g)
o B =2 S
o o o o

'S
=)
L

o
!

ments were conducted under visible-light irradi- 0
ation using a 300 W Xe lamp equipped with
a 400 nm cut off filter. In general, 10 mg of the
catalyst was dispersed in PBS buffer solution
(50 mL of 0.1 M solution at PH="7) with 100 mg
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Figure 3. a) The photocatalytic H, evolution activities of PATCPPCPCN-415(NH,),
TpPa, and the composites loaded with 1.2 wt% Pt. b) The photocatalytic H,
evolution recyclability of composite 2.
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To probe the photocatalytic reaction mechanism, the
steady-state ~ photoluminescence =~ (PL)  spectra  of
PdTCPPCPCN-415(NH,), TpPa, and composite 2 were
measured to evaluate their charge-separation efficiency (Fig-
ure 4a). TpPa displays an intensive emission with the
maximum at 606 nm upon excitation (4.,=450nm), while
PdTCPPCPCN-415(NH,) exhibits a decreased emission in-
tensity (maximum at 595 nm) due to the excellent visible-light
adsorption of PATCPP linkers. Remarkably, the covalently
connecting hybrid material, composite 2, presents a signifi-
cantly reduced PL intensity, suggesting the enhanced e-h
separation efficiency. Moreover, the apparent quantum
efficiency (AQY) of composites 2 were measured at 405,
450, and 515 nm using monochromatic LED light to exam
their visible-light adsorption performance (Figure 4b; Ta-
ble S2). For composite 2, the AQY were 2.9% at 405 nm,
5.7% at 450 nm, and 5.9% at 515 nm, respectively, clearly
manifesting that the light conversion efficiency is highly
dependent on the light-response range. In order to gain
further insight into the photocatalytic activity, the density
functional theory (DFT) calculations were performed to
investigate the electronic structure of PATCPPCPCN-415-
(NH,) and TpPa. For PATCPPCPCN-415(NH,), the HOMO
is mostly the C and N 2p orbitals originated from NH,BDC,
whereas the LUMO is mainly dominated by the d orbitals of
Ti and Zr (Figure 4 c,d). Thus, the electrons can transfer from
the HOMO at NH,BDC to the LUMO at Ti and Zr via the
excitation of PdTCPPCPCN-415(NH,) under visible-light
irradiation, demonstrating a ligand-to-metal charge transfer
(LMCT) process.'® For TpPa, the HOMO is mainly the N
and O 2p orbitals, while the LUMO is mostly dominated by
the C 2p orbitals arising from the aromatic nucleus and -C—N
bond (Figure S27).°! Additionally, the calculated gaps of
PdTCPPCPCN-415(NH,) and TpPa are 1.23 and 1.72eV.
Taking into account the above experimental and theoretical
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results, the photocatalytic H, evolution mechanism is pro-
posed in Figure 5. In composite 2, PATCPPCPCN-415(NH,)
present excellent visible-light adsorption capacity, which can
serve as an antenna to absorb light, transferring the photo-
excited electrons to [TigZr,0,,(COO),4] clusters via LMCT.
Then the photogenerated electrons on the clusters were

Visible Light

Potential vs NHE

SA* T
HOMO
PATCPPcPCN-415(NH,)
TpPa

Figure 5. The photocatalytic H, evolution mechanism of composite 2.

further transferred to the LUMO of TpPa through the
covalently connecting junction between PATCPPCPCN-415-
(NH,) and TpPa, guaranteeing the effective separation of
photogenerated electrons and holes. Finally, the successfully
photogenerated electrons in the LUMO of TpPa were
transferred to the Pt NPs surface resulting in the H' reduction
process, whereas the photogenerated holes in the HOMO of

PATCPPCPCN-415(NH,) were captured by the

electron sacrificing agent SA, realizing the cata-

lytic cycle.

Conclusion

In summary, a series of covalently connected
MTV-Ti-MOF/COF hybrid materials have been
successfully synthesized, featuring excellent visi-

(a) 10000
—— PdTCPPcPCN-41 5(NH2)
——TpPa —2
8000
2
@ 6000-
8
£
4000 |
2000
550 600 650 700 750 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(c) 1

HOMO LUMO

Figure 4. a) The photoluminescence spectra with the excitation wavelength of
450 nm. b) The apparent quantum yields of composite Pt@2 under the conditions
of maximum photocatalytic H, evolution rate at =405, 450, and 515 nm. c¢,d) The

molecular orbital diagrams of PATCPPCPCN-415(NH,).
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ble-light responses, well-matched band gaps, and
effective e-h separation for photocatalytic H,
production. Results showed that the hybrid ma-
terial 2, presented an excellent photocatalytic H,
evolution performance with a TON value of
24508 after irradiation for 120h (TOF=
204 h™"), which is much higher than the proto-
typical PATCPPCPCN-415(NH,) and TpPa coun-
terparts, confirming the effectiveness of covalent-
ly linking the two distinct species. Additionally,
experiments and theoretical calculations suggest-
ed that the excellent visible-light utilization and
well-matched band gaps of PATCPPCPCN-415-
(NH,) and TpPa resulted in the superb photo-

© 2021 Wiley-VCH GmbH
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catalytic H, evolution performance of the covalently inte-
grated materials. This work contributes a novel covalent-
integration strategy to construct MTV-Ti-MOF/COF hybrid
materials for effective photocatalytic H, production, thus
promoting the design of other MTV-MOF/COF hybrid
materials for applications in photocatalysis and beyond.
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