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To enrich the topology of three-dimensional covalent organic frameworks (3D COFs) is an appealing challenge.
Till now, only 20 types of topologies have been achieved in 3D COFs because of the limited polyhedral building
blocks. Herein, we report the first 3D titanium-based COF with spn topology (TiCOF-spn) through [6 + 3] imine
condensation of a Ti(IV) complex with six aldehyde groups positioned in a trigonal antiprismatic arrangement
and a planar triazine-based amine connector. Interestingly, TiCOF-spn contains two kinds of pores, that is, the

linking of the tetrahedral cages by sharing vertices forms the truncated tetrahedral cages. By integrating the
crystalline porous framework, photoactive titanium center and triazine component, TiCOF-spn shows strong
visible light absorption and efficient photocatalytic activity for producing HyOy (489.94 pmol g 'h™1). This work
expands the topology of the 3D COFs family and pioneers the application of metal-containing COFs in solar

energy conversion.

1. Introduction

Covalent organic frameworks (COFs) are the most intriguing crys-
talline organic porous materials because of their structural and func-
tional versatility, and potential applications in gas adsorption/
separation, heterogeneous catalysis, energy conversion, etc [1-7]. Over
the past decade, two-dimensional (2D) COFs with layered structures
have witnessed rapid increase in this area [8-10]. In contrast, the
structural diversity of 3D COFs are extremely confined due to the lack of
polyhedral stereoscopic molecular building units and the difficulty in
crystallization [11,12]. To date, only 20 types of topologies (ctn [13],
bor [13], dia [14], pts [15], rra [16], ffc [17], srs [18], lon [19], stp
[20], acs [21] fjh [22], tbo [23], beu [24], ceq [25], 1jh [26], soc [27],
pcu [28], nbo [29], hea [30] and pcb [31]) have been realized in 3D
COFs. The longstanding challenge, therefore, is the exploration of novel
topologies to expand the 3D COFs family.

The key to designing and synthesizing a specific COF is the selection
of building units with appropriate geometry. For example, a dia network
requires linear linkers and tetrahedral nodes (Tq + C3) [14], while a pts
topology relies on quadrilateral and tetrahedral building units (Tq + C»
or C4) [15]. Notably, the implement of high-connectivity is an attractive
step to unlock new topologies and increase structural diversity in 3D
COFs. Recently, the 6-connected triangular prism building units were
used to construct new architectures with acs (D3, + Co) [21], ceq (D3p
+ C3)[25] and stp (D3, + C4) [20] topologies. Similarly, the trigonal
antiprisms (D3) can also be viewed as 6-connected polyhedrons, and the
functionalized vertexes of these polyhedrons can link up with other
suitable nodes to form framework structures with the potential for new
topologies. However, this kind of building unit has been rarely utilized
for the synthesis of 3D COFs. According to the Reticular Chemistry
Structure Resource (RCSR) database [32], only limited topologies (ant,
apo, cep, pyr, rtl, tsx, eea and spn) can be formed by the combination
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of trigonal antiprismatic and triangular building units (Fig. S1). We
found that these topologies could be divided into two types: (i) ant, apo,
cep, pyr, rtl and tsx with “compressed” trigonal antiprismatic node, (ii)
eea and spn with “elongated” trigonal antiprismatic node. After nar-
rowing down the range of possible topologies by using “elongated”
trigonal antiprismatic node, we pay close attention to targeted con-
structing new 3D COFs with eea or spn topologies (Fig. 1a). Neverthe-
less, the synthesis of “elongated” trigonal antiprism organic building
units is a daunting task.

Notably, trigonal antiprism polyhedrons are common in metal
complexes, which strongly encourage us to employ metal-containing
precursor as building unit for designing and synthesizing 3D COFs. In
this research, we start with an aldehyde functionalized Ti(IV) cat-
echolate complex NayTi(2,3-DHTA)3 (2,3-DHTA = 2,3-dihydroxyter-
ephthalaldehyde). It has been proved that this titanium building unit
can serve as a 6-connected starting point for constructing the first 3D soc
COF in our group previously [27]. After carefully analyzing the X-ray
single crystal structure of Na,Ti(2,3-DHTA)3 again, it is discovered that
the spatial orientation of the six aldehyde groups adopts a distorted and
elongated trigonal antiprismatic feature since the angular parameters ¢
and 6 equal to 31° and 49°, respectively (Fig. 1a and Fig. S2). It suggests
that NayTi(2,3-DHTA)3 is a promising candidate for synthesizing 3D
COFs with eea or spn topologies. With this in mind, a new titanium-
based COF, namely TiCOF-spn, was synthesized by condensation of
NayTi(2,3-DHTA)3 and a planar amine linker 1,3,5-tris(4-aminophenyl)
triazine (TAPT). Multiple techniques such as powder X-ray diffraction
measurement (PXRD) and structural simulations, pair-distribution
function (PDF) and X-ray absorption fine structure (XAFS) analysis
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were then combined to completely characterize the topology and
structure of TiCOF-spn. The crystalline porous structure, photoactive
titanium center and triazine unit of TiCOF-spn further inspired us to
explore its heterogeneous photocatalysis.

2. Experimental

A complete description of chemicals, materials, and in-
strumentations is available in the Supporting Information.

2.1. Synthesis of TiCOF-spn

The TiCOF-spn was synthesized by solvothermal condensation re-
action. NapTi(2,3-DHTA)3 (11.72 mg, 0.02 mmol) and TAPT (14.2 mg,
0.04 mmol) were dissolved in a mixed solvent of 0.6 mL o-dichloro-
benzene, 0.6 mL mesitylene, 0.3 mL acetonitrile and 0.15 mL 6 M
aqueous acetic acid in a pyrex tube. This mixture was sonicated for 10
min to obtain a homogeneous dispersion. Then, the pyrex tube was flash
frozen in a liquid Ny bath and degassed by freeze-pumpthaw technique
for three times and sealed under vacuum. Upon warmed to room tem-
perature, the tube was placed in an oven and heated at 120 °C for 7 days.
The precipitate was collected by filtration, washed with DMF (8 x 5 mL),
extracted by soxhlet extractor with tetrahydrofuran for 24 h, and finally
dried at 120 °C under vacuum for 12 h to obtain TiCOF-spn as brown
crystalline powder (72%). Elemental analysis of TiCOF-spn: Calcd for
NagTi4024C264H144N43: C, 66.780/0; H, 3.060/0; N, 14.16%. Found: C,
66.92%; H, 3.25%; N, 14.01%.
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Fig. 1. (a) Representation of the (3,6)-connected eea and spn topologies, which were deconstructed into trigonal antiprismatic and planar triangle linkers with their
corresponding chemical equivalents Na,Ti(2,3-DHTA)3 and TAPT. (b) The experimental (black) and Pawley refined (red) PXRD patterns of TiCOF-spn, the difference
between the experimental and refined PXRD patterns (green), and the simulated PXRD patterns based on eea net (purple) and spn net (blue). (c) The 2D scattering
image of TiCOF-spn was reduced to 1D data. (d) The PDF data and calculated PDF pattern with spn net for TiCOF-spn.
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2.2. Photocatalysis experiment

Hydrogen peroxide (H203) production was carried out in a photo-
catalytic reactor (PerfectLight). In detail, 40 mg photocatalyst was
dispersed in 120 mL solution and sonicated for 2 min to form a homo-
geneous suspension. The resulting mixture was bubbled with oxygen gas
in the dark for 30 min to obtain an oxygen equilibrated environment.
The oxygen bubbling was continued during the photocatalytic reaction.
Subsequently, the suspension was irradiated under a 300 W Xe lamp
with a 420 nm cutoff filter to imitate visible light irradiation (420 nm <
A < 780 nm). The temperature was maintained at 25 °C using a
condenser.

The concentration of HoO5 was determined by iodometric method.
Typically, solution A was prepared by mixing solutions B and C equal in
weight. Solution B was prepared by dissolving 16.5 g KI, 0.5 g NaOH and
0.05 g of ammonium molybdate tetrahydrate in 250 mL ultrapure water.
Solution C was prepared by dissolving 5 g KHP in 250 mL ultrapure
water. 1.5 mL reaction solution that was taken at a certain time during
the irradiation and filtered through a 0.22 um membrane filter. The
filtrate was added into 1.5 mL solution A. After standing for 15 min,
extra 14.0 mL ultrapure water was added into the mixture to dilute the
solution. Finally, the concentration of H,O2 was immediately detected
by UV/vis absorption at A = 352 nm. The reported data is the average of
three parallel experiments.

3. Result and discussion
3.1. Synthesis and characterization

To implement our idea, the Na,Ti(2,3-DHTA)3 was reacted with
various 3-connected amines via [6 + 3] imine condensation. However,
most of them resulted in amorphous products although we tried a wide
range of synthetic conditions except for 1,3,5-tris(4-aminophenyl)
triazine (TAPT). The crystalline product (TiCOF-spn) could be ob-
tained through the condensation of Na,Ti(2,3-DHTA)3; and TAPT in a
mixture solvent of o-dichlorobenzene, mesitylene and acetonitrile with
6 M acetic acid as the catalyst at 120 °C for 7 days. The Fourier transform
infrared (FTIR) spectrum of TiCOF-spn displayed a new absorption peak
at 1626 cm™! attributed to C = N bonds, with no identifiable aldehyde
(1660 cm™ 1) and amine (3319 cm™!) stretches remaining, indicating the
complete imine condensation (Fig. S5). TiCOF-spn was stable in
different solvents, such as THF, DMF, DMSO, MeOH, 1 M HCl and 1 M
NaOH aqueous solutions (Fig. S6-S8). Thermogravimetric analysis also
showed that TiCOF-spn was thermally stable up to about 350 °C
(Fig. S9). It was further verified by the '3C cross-polarization magic-
angle-spinning (CP/MAS) NMR, showing typical C = N resonance signal
at 163 ppm (Figs. S10 and S11). The fitted O 1 s in X-ray photoelectron
spectroscopy (XPS) spectrum demonstrated the presence of the Ti-O
(531.4 eV) and C-O bonds (533.2 eV), while two distinct peaks of Ti
2pi1,2 and Ti 2p3/» at 464.2 and 458.4 eV still belong to the Ti-O bonds
(Fig. S12).

To elucidate the crystalline nature and have a deep view of the
structural information of TiCOF-spn, PXRD measurement accompanied
with theoretical simulation was conducted. As shown in Fig. 1b, the
experimental PXRD pattern exhibited diffraction peaks at 3.0°, 5.0°, 5.9°
and 7.7° which respectively correspond to the (111), (220), (222) and
(831) facets. The structural model was then built based on spn and eea
net, respectively. The calculated PXRD pattern of the geometrically
optimized structure adopting spn topology with F4;32 space group
matches well with the experimental one. The Pawley refinement yielded
unit cell parametersof a=b =c=50.11 Aanda= y = =90° with good
agreement factors (R, = 3.17 % and Ry, = 4.75 %). The Rietveld
refinement was further carried out to refine the structure of TiCOF-spn,
which led to a space group of F4,32 witha =b = ¢ = 49.77 A, a=y=p
= 90° (R, = 6.31 % and Ryp = 9.02 %) (Fig. S13). The Rietveld
refinement reproduced the PXRD pattern well. In contrast, the
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calculated PXRD patterns based on the non-interpenetrated eea and the
two-fold interpenetrated spn topologies for TiCOF-spn were not in
agreement with the experimental one (Figs. S14 and S15). Besides, it
should be noted that the spn net is an edge-transitive topology, while the
eea net is a non-edge-transitive topology. As a rule of thumb, the edge-
transitive nets are the most likely products to form [33]. Consequently,
all the above results suggest that a non-interpenetrated structure based
on spn net is reasonable for TiCOF-spn.

To further probe the structure of TiCOF-spn, synchrotron radiation
X-ray total scattering with PDF analysis was performed. The PDF tech-
nique can provide information about structural correlations in a mate-
rial, and intuitively gives the probability to find pairs of atoms separated
by a distance r, making this technique useful for the characterization of
3D COFs with new topologies [34,35]. The crystalline nature of TiCOF-
spn is again confirmed by the reduced 1D scattering signal at 0.49 A™%,
0.98 A1, 1.47 A™1, 2.26 A, which are assignable to the (111), (220),
(222) and (331) facets (Fig. 1c). Long distance oscillations peaks before
the signal damp to zero in the PDF also suggest the ordered architecture
(Fig. 1d). The notable peaks in the PDF at 1.7 and 17.9 A correspond to
the Ti-O and Ti-Ti distances in TiCOF-spn, which are consistent with the
theoretical values (1.9 A for Ti-O and 17.7 A for Ti-Ti). Besides, the PDF
calculated result for the optimized structure model with spn net matches
well with the experimental data, and further confirms the 3D structure
of TiCOF-spn.

In TiCOF-spn, each Ti(IV) complex Ti(2,3-DHTA)3" is connected to
six TAPT, and each of TAPT is covalently linked to three Ti(2,3-
DHTA)3", with Na* ion balancing the charge. The spatially oriented
connection of the building units also led to the formation of two types of
polyhedral cages in TiCOF-spn, that is the tetrahedral cage A (Fig. 2a)
and truncated tetrahedral cage B (Fig. 2b) with 15.1 A and 28.1 A in
cavity size, respectively. Each planar TAPT linker covers one face of the
tetrahedral cage A, while each corner of the tetrahedron is occupied by a
Ti(2,3—DHTA)%’ unit. In the truncated tetrahedral cage B, 12 Ti(2,3-
DHTA)3 ™ occupy the vertexes, while 12 TAPT linkers serve as the sides
and another 4 TAPT linkers cover the trigonal faces, giving a face symbol
of [12%]. The truncated tetrahedral cage B links 10 tetrahedral cage A by
sharing vertices and trigonal faces, resulting in the TiCOF-spn (Fig. 2c).
Specifically, cages B are connected with each other in “window to
window” manner to form open channels (Fig. 2d). On the other hand,
the structure of TiCOF-spn can be understood from an interlocking
perspective. In detail, four individual 2D covalently linked hexagonal
grids with heb topology are intertwined along the faces of the

Fig. 2. The structure of TiCOF-spn: (a) tetrahedral cage A (purple cavity), (b)
truncated tetrahedral cage B (blue cavity), and (c) the spn topology showing
one cage B surrounded by ten cage A. (d) The truncated tetrahedral cavities are
interconnected to form 3D channel. (e) The structure of 2D hexagonal grid. (f)
The space filling representation of TICOF-spn illustrating the interlocking of 2D
hexagonal grids to form the 3D framework structure. The 2D grids were col-
oured separately for clarity.
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tetrahedron, and further anchored by the coordination effect between Ti
(IV) metal ions and oxygen atoms at the vertices of the tetrahedron,
resulting in the 3D framework with spn topology (Fig. 2e and 2f).
Noteworthily, TICOF-spn is different from the well-known metal organic
frameworks (MOFs) which are built from metal ions joined by organic
linkers through metal-ligand coordination bonds. MOFs do not have
covalently linked networks due to the metal ions nodes. By contrast, the
organic components are connected by reversible imine linkages to form
four 2D covalent networks in TiCOF-spn, meanwhile the Ti(IV) metal
ions further contribute to constructing the framework to increase the
dimensionality of TiCOF-spn from 2D to 3D. Similarly, weaving of
organic threads and interlocking of 1D square ribbons into crystalline
COFs have recently been reported starting from copper complexes
building unit. In these cases, the metal ions serve as points to guide the
organic molecular units covalently linked in a defined direction thus
forming 3D covalent frameworks [2,36-39]. With these taken into
consideration, TiCOF-spn can be classified as a COF. Consequently,
TiCOF-spn is an unprecedented example of 3D spn COF, and exhibits the
assembly of polyhedral cages, thus leading to porous framework feature.

The XAFS at the Ti K-edge of TiCOF-spn and the corresponding Ti
foil, TiC and TiO references were performed to further verify the va-
lance state and coordination environment of Ti atoms. As shown in the
X-ray absorption near edge structure (XANES) spectra (Fig. 3a), the Ti in
the TiCOF-spn showed a positive shift of the absorption edge position,
while overlapping the position of TiO,, indicating an oxidation state
approaching Ti*" in TiCOF-spn. The obvious scattering path signals of
Ti-O bonds in first coordination shell located at 1.72 A and Ti-O-C bonds
in second coordination shell located at 2.96 A from the radial distance
space spectra y(R) for Ti K-edge of TiCOF-spn suggested that the exis-
tence of TiOg coordination geometry (Fig. 3b). Moreover, the wavelet
transforms of y(k) further demonstrated the TiO¢ local coordination
environment with only scattering path signal of Ti-O located at [y(k),
x(R)] of [5.2, 1.76] being observed (Fig. 3c). Quantitative y(R) space
spectra fitting were then performed with the consideration of the first
and the second coordination shell. It showed that the coordination
numbers (CN) were approaching 6.0 for both of Ti-O bonding [CN =
N*amp = 6.0%(1.01+/-0.12)] at 1.95 A and Ti-O-C bonding [CN =
N*amp = 6.0%(0.80+/-0.12)] at 2.96 A (Table S1). The good fitting
results of y(R) and y(k) space spectra further supported the local struc-
ture and atomically dispersed state of TiOg linking cluster in TiCOF-spn
(Fig. 3d and 3e).

The porous structure of TiCOF-spn was analyzed by Ny and Ar
adsorption—-desorption measurements, respectively (Fig. S16). It
exhibited a type IV isotherms, indicating the mesoporous characteristics.
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The N, and Ar Brunauer-Emmett-Teller (BET) surface areas were
calculated to be 621.38 m? g~! and 564.26 m? g™}, respectively, which
are lower than the theoretical Connolly surface (3029 m? g_l) of the
anion framework. This may be due to the internal pores that are occu-
pied by the balance charges (solvated Na* ion), and the surface channels
are blocked to a certain extent by some small COF nanoparticles. The
pore size distribution calculated by nonlocal density functional theory
showed two kinds of pores of 1.41 and 2.70 nm by N5 measurement
(1.48 and 2.63 nm by Ar measurement) (Fig. S16b and d), which were
consistent with the theoretical ones (15.1 and 28.1 A). Additionally, the
porosity was further corroborated by the dye uptake experiments
(Figs. S17-529). The TiCOF-spn showed significant adsorption towards
cationic and neutral dye (rhodamine B, methylene blue and neutral red),
while displayed less uptake over anionic dye methyl orange. The
remarkable charge selectivity confirmed the anionic skeleton of TiCOF-
spn. EDAX analysis was carried out to quantify the amounts of Ti and Na
in TiCOF-spn (Fig. S30), which further proved the anionic skeleton.

The scanning electron microscope (SEM) and transmission electron
microscope (TEM) images revealed a follower-like morphology of
TiCOF-spn, which was likely comprised of many polyhedron crystals
(Fig. 4a and 4b). The high-resolution TEM image was taken to reveal the
crystallinity and network (Fig. 4c). The zoom-in inset showed the
reticular structure with approximately hexagonal pores with a size of ~
2.52 nm. The observed pore size was close to the theoretical one of cage
B. The dislocation diagram obtained by inverse Fourier transform
showed clear reticular structure, which also matched well with the spn
topology (Fig. 4d). Further, the EDS elemental mapping analysis
exhibited the uniform elemental distribution of C, N, O and Ti in TiCOF-
spn (Fig. 4e). The accurate content of Ti element was further determined
by ICP-OES to be 3.86 wt%, which is close to the theoretical value of
4.03 wt%.

3.2. Photocatalytic production of H202

TiCOF-spn shares characteristics of COFs and MOFs as it is covalently
connected, titanium-based crystalline material. Herein, TiCOF-spn was
further explored for photocatalytic applications. And the optical and
electronic properties of TiCOF-spn was firstly investigated.

As shown in Fig. 5a and 5b, the broad absorption and low optical
band gap (Eg = 1.95 eV) indicate that TiCOF-spn is suitable for visible
light harvesting and conversion. It is also showed a ligand-to-metal
charge transfer (LMCT) at around 460 nm, indicating the potential
photoexcited state. The valence band (Eyg) was determined to be 1.68
eV (vs Ep) according to XPS valence band spectrum (Fig. 5c), while the
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Fig. 3. (a) The normalized XANES p(E) spectra, (b) the radial distance y(R) spectra and (c) the 3D contour Wavelet transform extended X-ray absorption fine
structure (WTEXAFS) map with 2D projection for Ti K-edge of TiCOF-spn with the corresponding reference: the Ti foil, TiC and TiO, as reference, respectively. (d)
The x(R) space spectra fitting curve and (d) the k?y(k) space spectra fitting curve for Ti K-edge of TiCOF-spn.
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Fig. 4. (a) SEM and (b-c) TEM images of TiCOF-spn. The inset in (c) is the zoom-in of the selected area. (d) Fourier-filtered image of TiCOF-spn. The inset is the
corresponding fast Fourier Transform pattern. (e) EDS elemental mapping of TiCOF-spn with C, N, O and Ti elements.
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Fig. 5. (a) Solid state UV/vis spectrum. The inset is the corresponding product of TiCOF-spn. (b) Tauc plot analysis for band gap calculation. (c) XPS valence band
spectrum of TiCOF-spn. The energy of the Eyy is relative to the Fermi level (Ep) located at 0 eV. (d) Time dependent H,O, production under visible light irradiation for
TiCOF-spn (40 mg) dispersed in an O,-saturated solution (120 mL). (e) DMPO spin-trapping EPR spectra of TiCOF-spn under darkness and light. (f) Proposed

mechanism for photocatalytic H,O, production catalyzed by TiCOF-spn.

conduction band (Ecg) was calculated to be — 0.27 eV (vs Eg). Since the
reduction level of oxygen was positioned below the Ecp, TiCOF-spn
showed potential capability to drive oxygen reduction to HO9
(Fig. S31). To better understand the photoelectochemical properties of
TiCOF-spn, transient photocurrent responses and electrochemical
impedance spectroscopy (EIS) were conducted. An amorphous material
of TiCOF-spn was also synthesized for comparison (Fig. S32). Upon
switching the photoirradiation on/off, crystalline TiICOF-spn showed a
faster photoresponse with photocurrent density ~0.6 pA cm™2 In
contrast, the amorphous counterpart showed a lower photocurrent of
~0.25 pA cm 2. This result indicates that the crystalline structure has
more efficient photoinduced charges transfer. Moreover, the much
smaller semicircle in EIS further revealed the lower internal charge
transfer resistance of crystalline TiCOF-spn than the amorphous coun-
terpart (Fig. S33). Hy03 is a valuable chemical having wide applications
in the fields of medicine, chemical industry, and environmental man-
agement [40-42]. Compared with the traditional approaches, such as
anthraquinone method and electrochemical synthesis, photocatalytic

H,0, production is more attractive due to its safety and environmental
friendliness [43,44].

As shown in Fig. 5d, the production of Hy0, continued to increase
under the visible light irradiation with TiCOF-spn as the photocatalyst
during a period of 5 h. The production rate of HyO was recorded at
223.55 pmol g 'h! in the pure water system. Prominently, the HyO
generation rate was increased from 280.33 pmol g"th™! at a water/
ethanol ratio of 9/1 to 489.94 pmol g~ *h ! at a water/ethanol ratio of 1/
9. This value was superior to the reported TAPD-(Me), COF (234.52
pmol g~ 'h™1), and was about four times that of the pure carbon nitride
(Table S2). Importantly, H,O5 production was enhanced in the seawater
(309.98 pmol g *h™!) than in the pure water, indicative of potential
solar energy harvesting in seawater. Two main factors are speculated for
the improved HyOy production in seawater. Firstly, the presence of
metal cations (Na*, KT, Mg?*, Ca®", Sr?") in seawater can attract more
electrons that prolongs the separation time of electron and hole. Sec-
ondly, stabilization of ‘O3 through its complexation with a Lewis acid,
such as Na™ ions in seawater, can prevent reaction of *O3 and H,0, that
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leads to undesired reductive decomposition of HyO5 to H3O. The similar
phenomena have also been observed in Ti-containing MOF and organic
polymer photocatalysts [45-46]. Moreover, the effect of different
alcohol sources (isopropanol and methanol) was also tested by per-
forming the photocatalytic H,O, production (Fig. S35). The increase in
the H,05 production rate in the presence of ethanol as sacrificial
electron-donor agents suggested that the photocatalytic HoOy produc-
tion was not from water oxidation by photoinduced holes, since the
holes would be consumed by such electron donors. Therefore, the O,
reduction was the main contribution to the H,O, formation. Besides, it
was worthy to note that no H,O, was generated under dark or without
TiCOF-spn catalysts, implying that the formation of HO, was contrib-
uted by photocatalysis process. Under N5 condition, there was also no
Hy0;, detected, demonstrating that the O is essential for HyOy pro-
duction. This was also confirmed by isotopic labelling experiments using
180, (Fig. $36). The UV-vis and ICP-OES analyses of the supernatant
showed no sign of Ti(IV) complex leaching into the solution during the
photocatalysis (Fig. S37). TiCOF-spn can be readily recycled, and its
catalytic activity only showed slight change after 5 runs (Fig. S38). The
morphologies were still retained after photocatalytic reaction (Fig. S39).
The BET surface area was decreased to 316.58 m? g™, which could be
attributed to the partial decrease in crystallinity of the recycled TiCOF-
spn (Fig. S40 and S41).

Based on the photocatalytic HoO, experimental results, electron
paramagnetic resonance (EPR) measurement was carried out to detected
the presence of active oxygen species. The 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) spin-trapping EPR spectrum showed six characteristic
DMPO-*0?" signals after light illumination, while no signal was
observed under darkness (Fig. 5e), illustrating that the single-electron
reduction of Oy to *O3 as reaction intermediate in the photocatalytic
process. Further, the radical scavenging experiment was carried out with
adding the p-benzoquinone. It was found that the HoO, production was
significantly quenched (Fig. S42). These observations collectively reveal
that the H20, is produced by a sequential two-step single-electron Oq
reduction route, and a possible reaction mechanism is proposed for the
photocatalytic HyO» production by TiCOF-spn (Fig. 5f). Upon light
irradiation, the photoexcited TiCOF-spn generates the electron-hole
pairs. The addition of alcohol can consume the holes to enhance the
electron-hole separation and meanwhile provide protons for the HyO4
production [47]. The *O3 can be produced in two ways. One pathway is
the direct reduction of O5 into *O3 by the conduction band e”. Mean-
while, titanium with inherent variable valence states (Ti**/Ti®") and
the Ti-mediated electron transfer mechanism through ligand-to-metal
charge transfer (LMCT) process has been widely studied [48-50].
Therefore, another one relies on the Ti centers, that is, the Ti*" is
reduced to Ti* by the photoexcited e™. Then, the electron transferred
from Ti3* to Oy to generate *O?. Finally, the disproportionation of the
0%~ forms Hy0,, which is accelerated by the H'.

4. Conclusions

In summary, we demonstrated the rational utilization of metal-
containing unit to overcome the obstacle of limited polyhedral organic
molecular linker for the construction of 3D COFs, and achieved a 3D
titanium COF with unreported spn topology for photocatalytic HyO4
production. Besides, by incorporating metal complex building unit to
design and synthesize metal covalent organic framework is an effective
approach to establish a bridge between COFs and MOFs. This work thus
opens a door to enrich the structures of 3D COFs and promotes the
application of COFs in solar energy conversion.
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