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Abstract: The selective photo-oxidation of biomass-
derived 5-hydroxymethylfurfural (HMF) to 2,5-furandi-
carboxylic acid (FDCA) is important due to its sub-
stitute-role in polyester-fabrication. Here, a titanium-
cluster based metal-covalent organic framework nano-
sheet has been synthesized through the covalent-cou-
pling between Ti6-NH2 and benzotrithiophene tricarbal-
dehyde (BTT). The integration of them endows the
nanosheet with a visible-light-adsorption region, effec-
tive electron-hole separation-efficiency and suitable
photo-oxidation ability. Specifically, its photo-selectivity
for HMF-to-FDCA can be >95% with �100% con-
version, which is more than 2, 5, and 10 times higher
than MOF-901 (43%), Ti6-NH2 (19%) and under-dark-
ness (9%), respectively. Notably, an O2-based mecha-
nism is proposed and the vital roles of Ti6-NH2 and BTT
are verified by DFT calculations. This work might
facilitate the exploration of porous-crystalline-catalysts
for selective biomass-valorization.

Introduction

With the increasing need for fuel and energy supply, the
exploration of renewable carbon feedstocks (e.g., biomass)
has recently attracted tremendous attention due to their
potential in substituting the petroleum resources to generate
value-added fuels or fine chemicals.[1] The efficient valor-
ization of biomass could play a role in solving energy and
environmental problems for future sustainable
development.[2] For example, 5-hydroxymethylfurfural
(HMF), the dehydration product of C6 carbohydrates, is a

vital platform chemical for biomass-derived intermediates,
which has been utilized for the syntheses of a series of
pharmaceuticals, monomers and fine chemicals (e.g., maleic
anhydride (MA), 2,5-diformylfuran (DFF), 5-hydroxymeth-
yl-2-furancarboxylic acid (HMFCA), and 2,5-furandicarbox-
ylic acid (FDCA), etc.).[3] Among them, FDCA is identified
by the department of energy (U.S.A) to be a key bio-derived
chemical and most importantly, a vital monomer for the
synthesis of bio-based polyethylene furandicarboxylate
(PEF) that has much potential to replace commonly applied
polyethylene terephthalate (PET).[4] In this regard, it is
particularly important to obtain FDCA through the highly
selective oxidation of HMF and techniques including tradi-
tional thermal catalysis, electro- or photo-catalysis have
been studied.[5] Compared with others, photo-catalysis
driven by light and O2 has attracted enormous attention in
promoting photo-oxidation of HMF due to its advantages of
cost-effectiveness and sustainability, consistent with the
concept of sustainable development strategy.[6] However, the
photo-oxidation products of HMF are diversified (including
DFF, HMFCA or FFCA in addition to FDCA) and the
relative mechanisms are complicated to be investigated,
which makes it a giant challenge to achieve highly selective
photo-oxidation of HMF-to-FDCA especially that condi-
tions using visible light and molecular O2.

[7] Henceforth, the
quest for cost-effective, stable, visible-light responsive and
highly selective photo-catalysts is highly pursued for the
photo-oxidation of HMF-to-FDCA.

The accomplishment of highly selective photo-oxidation
of HMF-to-FDCA lies in the suitably tuned photo-oxidation
ability of photo-catalysts. Thus, photocatalysts should have
appropriate energy band structures and light absorption
region, which can effectively use electrons and holes
generated by light as well as to avoid insufficient oxidation
capacity or peroxidation. At present, TiO2 or its derivatives
are the most widely used catalysts in the photo-oxidation of
biomass, ascribed to their chemical/thermal stability, low
cost and toxicity, and resistance to photo-corrosion, etc.[8]

However, their applications in HMF photo-oxidation still
face drawbacks like: i) TiO2 has wide band gap (3.2 eV) and
requires UV light (<5% of solar radiation) for photo-
activation;[9] ii) the photocatalytic system of TiO2 generally
forms highly active oxidative species (e.g., hydroxyl radicals)
with over-oxidation ability that would destroy the furan ring
of HMF and is considered to be unselective for the HMF
oxidation[3c] and iii) most of them are in nonporous solid-
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particle forms, resulting in less-exposed catalytic sites and
are not conducive to substrate adsorption or mass transfer.
Despite some pioneering strategies including metal/non-
metal doping,[10] coupling dyes/narrow band gap
semiconductors,[11] and ligand-to-metal charge transfer
(LMCT) interaction,[12] etc have been proposed, most of
them are still challenging in designing well-defined struc-
tures with suitable band gaps, visible-light absorption region
and appropriate photo-oxidation ability that enable the
highly selective photo-oxidation of HMF-to-FDCA. Similar
problems have also been existed for other photocatalysts,
such as porous polymers (e.g., CTF Th@SBA-1),[5b] semi-
conductors (e.g., Nb2O5-800, MAPbBr3, and CdS, etc.) or
molecular catalysts (e.g., CoPz/g-C3N4),

[13] etc. Therefore, it
would be much necessary to develop powerful photo-
catalysts that can accurately regulate the energy band
structures and light-absorption region to meet the stringent
requirements for highly selective photo-oxidation HMF-to-
FDCA.

Metal–organic frameworks (MOFs), arising as typical
porous crystalline materials constructing from metal ions/
clusters and organic linkers, are well-known to have unique
properties of well-defined structures, high surface area,
functional and structural tunability, etc.[14] Specifically, Ti-
based MOFs have been explored in many photocatalytic
applications such as CO2 reduction, CO2 cycloaddition to
epoxides, or hydrogen evolution, etc.[15] In comparison to
TiO2, the assembly of Ti ions/clusters and organic ligands
might generate efficient LMCT interaction to tune the inert
property of Ti-based MOFs, in which they would possess
uniformly-dispersed Ti ions/clusters, high porosity and well-
defined structures that have much potential in the photo-
oxidation of HMF-to-FDCA.[16] However, the applications
of Ti-based MOFs in HMF photo-oxidation are still rare as
far as we known. To this end, we intend to covalently
connect the amino functionalized titanium cluster (Ti6-NH2)
with oxidation group to obtain Ti-cluster based metal-
covalent organic framework. The following considerations
are listed as follows: i) Ti6-NH2 has similar energy band
structures as that of TiO2 and can be covalently connected
with oxidation groups through stable Schiff-base condensa-
tion interaction to efficient tune the band gaps and light-
absorption properties;[17] ii) the addition of oxidation group
can effectively adjust its optical band gap, improve its
utilization of electrons and holes, and promote the forma-
tion of active intermediates of HMF and iii) the effective
connection between Ti6-NH2 and oxidation group through
covalent connection might provide high stability and
promote the light-driven LMCT to facilitate electron-hole
separation/transfer for highly selective photo-oxidation
HMF-to-FDCA.[18] Besides, traditional Ti-MOFs are gener-
ally hard to crystallize and still short in stability due to their
inherent relatively weak coordination bonding. We deduce
that thus-designed Ti-cluster based metal-covalent organic
framework with strong covalent bonding might probably be
potential candidates to improve the efficiency of photo-
oxidation HMF-to-FDCA, while the syntheses of such
interesting structures are still rare and challenging to the
best of our knowledge.

Herein, we have prepared a kind of Ti-cluster based
metal-covalent organic framework (denoted as MCOF-
Ti6BTT) nanosheets by the covalent connection of Ti6-NH2

and BTT, and successfully applied it in highly selective
photo-oxidation of HMF-to-FDCA (Scheme 1). The cova-
lent connection between light-absorption group (Ti6-NH2)
and oxidation group (BTT) enables the visible-light driven
electron-hole to efficiently separate and transfer from BTT
to Ti6-NH2 moiety, resulting in the photoexcited electrons
(on Ti6-NH2) and holes (on BTT) that can be used for O2

activation and HMF oxidation reactions, respectively. Nota-
bly, its photo-selectivity for HMF-to-FDCA can reach up to
>95% with approximately 100% conversion under visible
light, which is more than 2, 5, and 10 times higher than
MOF-901 (43%), Ti6-NH2 (19%) and under-darkness (9%),
respectively. The high performance makes it to be one of
the best HMF-to-FDCA photo-catalysts reported to date.
Based on the experimental results and density functional
theory (DFT) calculations, we illustrate the possible mecha-
nism, in which O2 with energy-level between Ti6-NH2

(LUMO) and BTT (HOMO) gets electrons during the
LMCT process to generate superoxide-radicals (*O2

� , and
1O2), meanwhile HMF uses the timely generated holes to
form active-intermediates. Afterwards, the superoxide-radi-
cals and active-intermediates are joined to obtain the key-
intermediates and further selectively produce FDCA on
MCOF-Ti6BTT. This work sheds fresh light on the explora-
tion of porous crystalline catalyst in highly selective photo-
oxidation of HMF-to-FDCA.

Results and Discussion

MCOF-Ti6BTT was synthesized through the Schiff-base
condensation reaction of Ti6-NH2 and BTT and a kind of
yellow powder was obtained after 72 h at 100 °C (Figure 1a,
detail see Supporting Information). To define the crystalline
structure of MCOF-Ti6BTT, the powder X-ray diffraction
(PXRD) combined with theoretical structural simulations
were performed. A hexagonal P63 space group based on
MCOF-Ti6BTT was set up based on the basic evaluation of
the structure, which was then defined by Pawley refinements
of the PXRD patterns for full profile fitting of the proposed

Scheme 1. Schematic representation of Ti-cluster based metal-covalent
organic framework for selective photo-oxidation of HMF-to-FDCA.
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models (Table S1). Based on the simulations, it possesses a
unit cell parameter (a=27.1778 Å, b=27.1778 Å, and c=

14.4463 Å, α=β=90°, γ=120°) that complies with the
hypothesis. Moreover, the simulated PXRD pattern using
AB stacking mode reproduced the experimentally observed
curve while AA stacking did not, which was supported by
the difference plot with unweighted-profile R factor (Rp) of
3.41% and weighted profile R factor (Rwp) of 4.55%
(Figure 1b, details see Supporting Information). In the
PXRD pattern, it has observed peaks at 3.75°, 6.50°, 7.20°,
and 12.27°, which can be assigned to the (1 0 0), (2 -1 0), (1 0
1) and (0 0 2) facets of MCOF-Ti6BTT, respectively.
Besides, MCOF-Ti6BTT possesses 2D sheet stacked struc-
ture and the distance between adjacent sheets is 14.45 Å
(Figure 1a), suggesting the possibility in generating 2D
nanostructures like nanosheets. In the Fourier-transform
infrared spectroscopy (FT-IR) measurements, the C=N
stretching vibration band at 1625 cm� 1 appeared in the
resultant MCOF-Ti6BTT (Figure S1). Meanwhile, the C=O
stretching vibration band (1700 cm� 1) and -NH2 vibration

band (3200–3500 cm� 1) belonging to the relative reactant
monomers decrease obviously in MCOF-Ti6BTT, implying
the successful generation of covalent bond and might permit
high stability for MCOF-Ti6BTT.

[19]

To investigate the chemical states of the existed elements
in MCOF-Ti6BTT, X-ray photoelectron spectroscopy (XPS)
measurements have been conducted. For the XPS spectra of
MCOF-Ti6BTT, five main peaks with binding energy of
458.00 164.16, 284.54, 398.36 and 531.69 eV are ascribed to
Ti 2p, S 2p, C 1s, N 1s and O 1s, respectively (Figure S3). In
the S 2p region, two kinds of peaks with binding energies of
164.07 eV (S 2p3/2) and 165.29 eV (S 2p1/2) can be attributed
to the characteristic peaks of sulfur (C� S) in BTT unit
(Figure S6). Besides, Ti 2p3/2 (458.7 eV) and Ti 2p1/2
(464.2 eV) spin orbits are also observed, suggesting the
tetravalent valance of Ti in MCOF-Ti6BTT (Figure S5).

[20]

Besides, we have conducted the atomic force microscope
(AFM) tests to evaluate the thickness and morphology of
MCOF-Ti6BTT. In the AFM image, MCOF-Ti6BTT shows
nanosheet morphology (size, �200 nm) and the thickness
was calculated to be �4.3 nm in the height profile (Fig-
ure 1c). In addition, the morphology detected in AFM tests
was further confirmed by the TEM test (Figure 1d).
Specifically, the oriented lattice fringes could be observed in
the high-resolution TEM (HR-TEM) image and the lattice
spacing of 1.23 nm is assigned to the (2 -1 0) plane,
confirming the high crystallinity of the obtained MCOF-
Ti6BTT nanosheets (inset image, Figure 1d). Additionally,
elemental mapping analysis reveals that C, N, S, and Ti are
uniformly distributed in MCOF-Ti6BTT nanosheets (Fig-
ure 1e). Thus, MCOF-Ti6BTT with nanosheet morphology is
obtained based on above characterizations, which would be
much beneficial for the accessibility of active sites and mass
transfer in photo-catalytic reactions.

In general, chemical stability is a vital factor to evaluate
the basic property of MCOF-Ti6BTT. It was examined
through the immersing of MCOF-Ti6BTT in different
solvents (i.e. N, N-dimethylformamide, acetonitrile, meth-
anol and H2O) for more than 5 days. After tests, the samples
were characterized by the PXRD and FTIR tests, and the
results showed that it could remain the structure integrity
when compared with the state before tests, implying the
high chemical stability of the covalent-bonding structure as
mentioned above (Figure S7, S8).

Furthermore, UV/Vis diffuse reflectance spectroscopy
(DRS) and ultraviolet photoelectron spectroscopy (UPS)
were carried out to determine the basic optical properties of
MCOF-Ti6BTT (Figure S9). It exhibits a broad visible-light
absorption range (i.e. 300 to 700 nm), and the corresponding
band gap (Eg) is determined to be 2.35 eV for MCOF-
Ti6BTT by the Tauc plots (Figure S9). The highest unoccu-
pied molecular orbital (HOMO) of MCOF-Ti6BTT is
calculated to be � 6.37 eV (vs. Ev) from the UPS tests and
the related lowest unoccupied molecular orbital (LUMO) is
thus to be � 4.02 eV (vs. Ev). Mott–Schottky measurements
were further conducted to determine the band positions of
MCOF-Ti6BTT and the results were consistent with those
from the UPS tests (Figure 2d and Figure S9). In previous
literatures, the results have revealed that the photo-

Figure 1. Structure and characterization of MCOF-Ti6BTT. a) Schematic
representation of the synthesis of MCOF-Ti6BTT through the condensa-
tion of Ti6-NH2 and BTT. b) Experimental (red dot) and simulated (blue
line) PXRD patterns of MCOF-Ti6BTT. c) Atomic Force Microscope
(AFM) image and height profile of MCOF-Ti6BTT. d) HRTEM image
and lattice fringes. e) STEM and elemental mapping images of MCOF-
Ti6BTT.
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oxidation of HMF could generate reactive-oxygen-species
(ROS) such as superoxide (*O2

� ) or singlet oxygen (1O2).
Typically, the photocatalyst is required to have a more
negative LUMO potential than the O2 reduction potential
(e.g., O2/

*O2
� , theoretically � 0.62 V vs. NHE, pH 7 and

� 4.22 eV vs. Ev, vacuum level) as well as more positive
HOMO potential than the HMF oxidation potential (theo-
retically 1.23 V vs. NHE, pH 7 and � 6.09 eV vs. Ev). In this
work, the HOMO and LUMO of MCOF-Ti6BTT match well
with the band gap of O2 activation.

[21] MOF-901 and Ti6-NH2

were also tested by DRS, UPS and Mott–Schottky (Fig-
ure S10, S11).

As comparison, MOF-901, composed of Ti6-NH2 and 1,4-
phthalaldehyde, was also synthesized according to the
reported literature and compared with MCOF-Ti6BTT (Fig-
ure 2a). The intensity of transient photocurrent response of
MCOF-Ti6BTT shows much higher than MOF-901 and Ti6-
NH2, which suggested that that the covalent connection
between Ti6-NH2 and BTT in MCOF-Ti6BTT can lead to
higher photoinduced electron separation and transport
efficiency (Figure 2b). Additionally, photoluminescence
(PL) was conducted to investigate the charge separation
behaviors. The PL intensity of MCOF-Ti6BTT is signifi-
cantly quenched compared to Ti6-NH2 and BTT (Figure 2c).
These results show that the covalent connection between
Ti6-NH2 and BTT can effectively enhanced electron-hole
separation and prevent recombination, resulting from the

efficient electron transfer efficiency that might be achieved
by the LMCT effect in MCOF-Ti6BTT. The electrochemical
impedance spectroscopy (EIS) was also conducted to
investigate the charge transfer resistance (Figure 2e). The
Nyquist plots demonstrated that MCOF-Ti6BTT has much
smaller charge transfer resistance than MOF-901 and Ti6-
NH2 due to its smallest semicircle in the high frequency
region. The results suggest that MCOF-Ti6BTT has stronger
charge transfer ability and also imply the vital role of BTT
in enhancing the LMCT effect. Therefore, we have obtained
a kind of MCOF-Ti6BTT nanosheets with visible-light
absorption region, high stability and effective electron-hole
separation/transfer ability, which has much potential to be
applied in selective photo-oxidation of HMF.

The photo-oxidation property of HMF was evaluated in
a photo-catalysis system, in which visible light (400–800 nm)
was applied and the tests were conducted under O2

atmosphere (Figure S23, details see Supporting Informa-
tion). Table S2 shows the results of exploratory experiments
of the photo-oxidation of HMF-to-FDCA with different
materials as the photocatalysts. Control experiments were
firstly conducted to gain insight into the photocatalytic
process. Firstly, the stability of HMF and FDCA under the
reaction conditions was studied. The photolytic decomposi-
tion of HMF without MCOF-Ti6BTT was negligible (0.1%)
after 36 h under the reaction conditions, and no photolytic
decomposition of FDCA was observed either (Table S2). In
the presence of MCOF-Ti6BTT, the conversion and selectiv-
ity of HMF-to-FDCA gradually increased with the increase
of reaction time (6 to 36 h) and finally reached to 99% and
95%, respectively (Figure 3a and Figure S24–27). The result
achieved was represented to be one of the best Ti-based
materials to date (Table S3). Meanwhile, DFF and FFCA
gradually disappeared during the time-interval reaction
process (Figure 3a). In order to gain insight into the possible
reaction process, and reveal the specific effects of electron-
hole pairs and ROS (e.g., *O2

� and 1O2) produced in the
photocatalytic process, we have conducted a series of control
experiments with the addition of different specific radical
scavengers (Figure 3b). When p-benzoquinone (BQ) was
presented as the superoxide radical scavenger, the conver-
sion efficiency was low (23%). Meanwhile, when isopropa-
nol (IPA) was added as the hydroxyl scavenger and
potassium iodide (KI) as the hole scavenger, the conversion
rates were 95% and 41%, respectively. Thus, it can be seen
that the reactive oxygen species (i.e. *O2

� and 1O2) and
photogenerated holes are indeed involved in the photo-
oxidation of HMF.

To unveil the transformation process of HMF under
photocatalytic conditions, we have performed the in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTs) measurements (Figure 3f). After the system was
equilibrated, vibrations corresponding to C� OH
(1054 cm� 1), O� H (1351 cm� 1), O� O (1152 cm� 1), and C=N
(1605 cm� 1) for MCOF-Ti6BTT were apparent. Upon visible
light irradiation, the peak intensity belonging to the vibra-
tional modes of C=O group (1760 cm� 1) for FDCA enhances
significantly, while the intensity of peak signals at 1730 cm� 1

belonging to the vibrational mode of the C=O group for

Figure 2. Characterizations of the optical properties for MCOF-Ti6BTT,
MOF-901 and Ti6-NH2. a) The structural diagram of MCOF-Ti6BTT,
MOF-901 and Ti6-NH2. b) Transient photocurrent response of MCOF-
Ti6BTT (blue), MOF-901 (red) and Ti6-NH2 (black). c) PL of MCOF-
Ti6BTT, MOF-901 and Ti6-NH2. d) Band-structure diagram for MCOF-
Ti6BTT, MOF-901 and Ti6-NH2. e) Nyquist plots of MCOF-Ti6BTT, MOF-
901 and Ti6-NH2.
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DFF firstly increases and then decreased obviously,[22]

indicating that HMF is firstly transformed into DFF and
finally into FDCA during the photocatalytic process (Fig-
ure 3f). The result shows that DFF is the key intermediate
during the photocatalytic process, which matches well with
the above-mentioned time-interval reaction results.

We also tested the photo-oxidation of HMF for different
contrast samples (e.g., MOF-901, BTT and Ti6-NH2) to
reveal the superiority of MCOF-Ti6BTT. The conversion
efficiency of MOF-901 for photocatalytic oxidation of HMF
is 43%, much lower than that of MCOF-Ti6BTT (Figure 3c).
In addition, the HMF conversion efficiency of Ti6-NH2 and
BTT are only 19% and <10%, respectively. Based on the
above results, it can be seen that the covalent connection of
Ti6-NH2 and BTT would generate efficient light-driven
LMCT to facilitate the electron-hole separation/transfer to
improve the photo-oxidation performance of HMF-to-
FDCA. Besides, the cycling stability is also a vital factor to
evaluate the durability of the photocatalyst.[5b] Thus, we
have carried out the cycling tests. After three cycling
experiments, the catalytic performance remains almost
unchanged, proving the high cycling stability of MCOF-
Ti6BTT (Figure 3d). Furthermore, the structural integrity of

MCOF-Ti6BTT was retained after the cycling tests as
confirmed by the PXRD and FTIR characterizations (Fig-
ure S12, S13).

Based on the excellent performance of MCOF-Ti6BTT,
we further gain insight into the detailed reaction process of
the highly selective photo-oxidation HMF-to-FDCA, during
which various contrast experiments and characterizations
have been conducted. Specifically, HMF did not transform
under N2 atmosphere, and the conversion rate under air was
only 28%, indicating that O2 was the oxidant for the
selective photo-oxidation of HMF-to-FDCA (Table S4).
Furthermore, the reactive oxygen species (e.g., 1O2 and
*O2

� ) were detected and spin-trapped by electron para-
magnetic resonance (EPR) measurements. When using
2,2,6,6-tetramethylpiperidine (TMP) as the spin-trapping
reagent, a characteristic 1 :1 :1 triplet EPR signal (g=

2.0019) is detected, which is assigned to the signal of
TMP-1O2 produced through the reaction of

1O2 and TMP
(Figure 3e). Moreover, the formation of superoxide *O2

� has
also been confirmed using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the spin-trapping agent, in which a characteristic
EPR signal of DMPO-*O2

� (g=2.0017) has also been
detected in the EPR tests. It is noted that no characteristic
EPR signal was detected in both situations without illumina-
tion. Based on the above analyses, we can conclude that the
selective photo-oxidation of HMF in the present system is
achieved through the combined contribution from atmos-
pheric O2, photogenerated electrons (e

� ), holes (h+), *O2
� ,

and 1O2 species. During these reaction process, H2O2 as the
the important side product might be produced.[24] In order to
confirm our hypothesis, we tested the photocatalytic reac-
tion solution by iodometry and H2O2 could indeed be
detected (Figure S22).

DFT calculations are applied to understand the photo-
excitation process and catalytic reaction mechanisms. We
firstly adopt finite cluster calculations for the MCOF-
Ti6BTT to reduce the computation time effectively, as we
assume the long rang interaction in a periodic order is
trivial. Theoretical simulation UV/Vis DRS of MCOF-
Ti6BTT is shown in Figure S18. It can be noted that the first
peak originates from the transition from HOMO to LUMO,
thus the ICT process can be readily occurred by light
irradiation, which further forms photogenerated electrons
located on Ti-centers and photogenerated holes centered at
BTT unit. The light-absorption of MCOF-Ti6BTT in the
visible-light region might be attributed to the effective
charge transfer from the BTT ligand to Ti6-NH2, thus
promoting the photocatalytic reactions. To obtain a more
straightforward insight into the photogenerated electron
dynamic processes, the state populations of photogenerated
carries are calculated using time-dependent ab initio non-
adiabatic molecular dynamics (NAMD) simulations. We
initiate the NAMD calculations with a photogenerated
electron localized in the LUMO of MCOF-Ti6BTT. Fig-
ure 4a presents the evolution of populations for the ground
state (GS), the excited state (ES) and O-state involved in
the electron-hole recombination dynamics. The time scale
shown is MCOF-Ti6BTT obtained by exponential fitting of
the data. After �0.4 ps, around 20% of the electron

Figure 3. Photo-catalytic performances of MCOF-Ti6BTT, MOF-901, Ti6-
NH2 and BTT in photo-oxidation of HMF-to-FDCA. a) Time-dependent
conversion and selectivity efficiency of HMF, DFF, FFCA and FDCA for
MCOF-Ti6BTT. b) Conversion efficiency of various scavengers for
photo-oxidation of HMF-to-FDCA. c) Photo-catalytic performances of
MCOF-Ti6BTT and contrast samples. d) Cycling performance of MCOF-
Ti6BTT. e) EPR signals of the reaction solution under the dark and full
spectrum light illumination in the presence of TMP and DMPO as the
spin-trapping reagents. f) DRIFTs spectra of HMF transformation
during the photo-oxidation of HMF-to-FDCA by MCOF-Ti6BTT.
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transfers to O2 and �10% electrons can be stabilized on O2

for more than 2 ps. Moreover, we can see that it’s a nice
bridge through the O2 level. Electrons will be coupled with
the energy level of O2 in the process from LUMO to
HOMO, resulting in electron transfer and the formation of
*O2

� . Besides, we present the fluctuations of electronic
orbital energies along time evolution of trapping states
originating from the atomic motions to understand the
electron-phonon (e-p) coupling (Figure S19). The result
shows that although the energy level of O2 is close to
HOMO with the change of time, it can still remain stable
between the band gaps of MCOF-Ti6BTT, which implies the
strong coupling between O2 and MCOF-Ti6BTT.

In addition, to understand the interaction between
HOMO, LUMO and O2 level, we present the electronic
structure diagram of MCOF-Ti6BTT (Figure 4b). It can be
seen that in the process of electron transfer, the oxygen level
is between BTT donor (HOMO, 4.6 eV) and Ti6-NH2

receptor (LUMO, 2.5 eV). The calculation results show that
because the O2 level is located in the band gap of MCOF-
Ti6BTT, there is a certain possibility of carrier transfer to
O2. The underlying physics of the photogenerated electron
dynamics can be further illustrated by the averaged non-

adiabatic coupling (NAC) element between different states.
As a result, the NAC between the neighboring states is
clearly larger than that of the separated states (Figure 4c).
Namely it is much easier for the photogenerated electrons to
hop between the neighboring states. Besides, the NAC of e-
h recombination is smaller than that of charge transfer from
MCOF-Ti6BTT to O2, further verifying the formation of
*O2

� (Figure 4c).
After the successful photo-oxidation of O2, the following

catalytic reaction mechanism of MCOF-Ti6BTT in highly
selective photo-oxidation HMF was studied by the free
energy calculation. The photo-oxidation of HMF-to-FDCA
may produce two vital intermediates (i.e. DFF and
HMFCA) and have two related pathways. In this work, we
find that DFF is the key intermediate rather than HMFCA
in the process of HMF-to-FDCA. To gain more insight into
the detailed photo-catalytic process, we calculate the photo-
catalytic pathways for both 1O2 and

*O2
� . Previous liter-

atures have proved that 1O2 participates in the HMF
oxidation spontaneously, which can be photo-generated
through the intersystem crossing (ISC) and inserted into the
C� H bond (alcohol function group) of HMF to generate
following intermediates.[5b,13d] Generally, 1O2 can also partic-
ipate in the catalytic process as an active species and it can
be generated through the energy transfer from the excited
photocatalyst to molecular O2 or the hole (h

+) oxidation of
*O2

� during the light excitation process. Reaction mecha-
nism of photo-oxidation of HMF by 1O2 has been studied by
the free energy calculation, which matches well with the
reported literatures (Figure S20, S21).[13d,23] As for the
reaction mechanism of 1O2 participated HMF photo-oxida-
tion process is relatively independent and clear, and some
literatures have also conducted sufficient investigations, we
will mainly focus on *O2

� . Therefore, we have calculated the
*O2

� participated process for the HMF conversion to the
vital intermediate (i.e. DFF). The conversion from HMF to
DFF requires two dehydrogenation processes, from HMF to
*HMF and further to DFF (Figure S24–S27). The first
process is the rate determining step (RDS). As shown in
Figure 4d, the energy barrier of HMF conversion to *HMF
in the presence of MCOF-Ti6BTT is preferred than that
without catalyst. Compared with the high energy barrier of
2.28 eV (without MCOF-Ti6BTT), it is only 1.5 eV for
MCOF-Ti6BTT, which indicates that the adsorption and
activation of HMF are more favorable in presence of
MCOF-Ti6BTT (Figure 4d). Based on the above experi-
ments and analysis, a possible mechanism is proposed to
illustrate the photo-oxidation of HMF by MCOF-Ti6BTT:
driven by visible-light irradiation, the PET process takes
place from BTT (HOMO) to Ti6-NH2 (LUMO) after
absorbing photons; then O2 with energy-level between Ti6-
NH2 (LUMO) and BTT (HOMO) gets electrons to generate
superoxide-radicals (i.e. *O2

� , and 1O2), meanwhile HMF
uses the timely generated holes to form active-intermedi-
ates; afterwards, the superoxide-radicals and active-inter-
mediates are joined to obtain the key-intermediates, fol-
lowed by the subsequent process to selectively produce
FDCA on MCOF-Ti6BTT (Figure 4e and Figure S21).

Figure 4. DFT calculations and the proposed reaction mechanism.
a) Charge carriers trapping and recombination dynamics of MCOF-
Ti6BTT. b) Electronics structure diagram of MCOF-Ti6BTT. c) Averaged
absolute values of NAC between energy levels. d) Free energy diagrams
of the photo-oxidation of HMF-to-DFF through the *O2

� pathway (bare
stands for without catalyst). e) Schematic diagram of the photo-
oxidation of HMF-to-FDCA through the *O2

� pathway.
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Conclusion

In summary, we have prepared a case of Ti-cluster based
metal-covalent organic framework nanosheet (�4 nm) by
the covalent-coupling between Ti6-NH2 (light-absorption
unit) and benzotrithiophene tricarbaldehyde (BTT, oxida-
tion unit). The covalent connection between Ti6-NH2 and
BTT facilitates the visible-light driven electron-hole separa-
tion and transfer from BTT to Ti6-NH2 moiety, resulting in
the photoexcited electrons (on Ti6-NH2) and holes (on BTT)
that can be used for O2 activation and HMF oxidation
reactions, respectively. Noteworthy, its photo-selectivity for
HMF-to-FDCA can reach up to >95% with approximately
100% conversion under visible light, which is more than 2,
5, and 10 times higher than MOF-901 (43%), Ti6-NH2

(19%) and under-darkness (9%), respectively. Based on a
series of comparative experiments, characterizations (e.g.,
EPR, DRIFTs, Mott–Schottky, UPS), and DFT calculations
(e.g., finite cluster calculations, electronic structure diagram
and NAC, etc.), we illustrate an O2-involved mechanism, in
which photo-excited electrons (on Ti6-NH2) and holes (on
BTT) are applied for O2 and HMF activation to form
reactive-oxygen-species and active intermediates, respec-
tively, followed by their joined reaction to obtain key-
intermediates and further selective produce FDCA. This
work would provide a new insight into the design of porous
crystalline photocatalysts for the highly selective biomass
valorization.
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