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Construction of S-scheme heterojunctions of a
Ti-doped Ce-MOF and BiOCl for efficient
photocatalytic selective oxidation of amines+t

*aP pangyu Wu,© Huayue Zhu,®® Ru Jiang,®® Jingwei Chen,?
%d

Danxia Zhao,
Chuhan Qiu,? Shengtao Jiang® and Guoping Lu

The solar-driven selective oxidation of amines to imines has attracted widespread attention due to its
green and non-polluting nature, as well as its high selectivity. In this study, a unique S-scheme BiOCl/
UiO-66(Ce/Ti) heterojunction was first constructed as an organic aerobic photocatalyst. Under visible
light irradiation with water as the sole solvent, the yield of the imine reached 98%. The S-scheme charge
transfer mechanism was verified through in situ X-ray photoelectron spectroscopy and electron paramag-
netic resonance measurements, revealing the source of excellent photocatalytic activity. Additionally, the
synergistic effect of the interface microenvironment generated by the interaction between OVs and Ce—
Ti was found to play a significant role in the photocatalytic oxidation process. This work emphasizes the
importance of designing a heterojunction interface microenvironment (IME) for achieving efficient photo-

rsc.li/frontiers-inorganic

Introduction

Solar-driven selective oxidation of organic compounds, such as
the oxidation coupling of primary amines, is highly desirable
for the synthesis of pharmaceuticals and novel chemical
substances.”” In particular, aerobic oxidation reactions using
molecular oxygen and air as oxidants have attracted significant
research interest due to their environmental friendliness and
sustainability.>* In recent years, considerable efforts have
been devoted to the conversion of primary amines to imines
using photocatalytic techniques.”® To address the issue of
severe photogenerated electron-hole recombination and the
low oxidation-reduction capacity of individual photocatalysts
leading to an overall low photocatalytic reaction efficiency,
various heterojunction technologies have been developed. In
2019, Yu et al.” first proposed the S-scheme heterojunction.
Specifically, S-scheme heterojunctions are constructed using
staggered oxidation photocatalysts (OPs) and reduction photo-
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catalytic selective oxidation of amines.

catalysts (RPs), effectively preserving active electrons and holes
while eliminating inactive ones through recombination, thus
achieving effective separation of electron-hole pairs with a
strong redox ability. Therefore, S-scheme heterojunctions are
suitable for coupling reactions, CO, reduction, and environ-
mental remediation.®’

BiOCI photocatalysts possess a highly positive VB position,
providing photogenerated holes with strong oxidation ability,
making them ideal candidates as oxidation semiconductor
photocatalyst (OP) materials.'® Additionally, the BiOCI surface
exhibits outstanding hydrophilicity, facilitating the adsorption
of reactants and thereby exhibiting good photocatalytic
activity."" To construct efficient S-scheme systems based on
BiOCl, the selection of a reduction semiconductor photo-
catalyst (RP) plays a crucial role in the photocatalysis of
amines. Metal-organic frameworks (MOFs) are emerging
porous crystalline materials composed of metal nodes and
organic ligands, which have attracted extensive interest in the
field of photocatalysis due to their structural diversity and
tunable functionality.**** In recent years, UiO-66 has emerged
as a standout subfamily within MOFs, demonstrating signifi-
cant semiconductor properties due to its efficient ligand-to-
metal charge transfer (LMCT) induced by light irradiation. For
instance, Cavka et al'® first reported the UiO-66 MOF con-
structed using terephthalate ligands and Zr(iv)-oxo clusters.
However, it exhibited general performance with low efficiency
under visible light irradiation. Recently, encapsulating cerium
oxide clusters within MOFs has been proven to be a promising
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approach to achieve highly efficient solar energy conversion
photocatalysts, where the HOMO-LUMO gap of the MOFs can
be tuned by modifying organic linkers, thereby increasing the
absorption range of visible light.'®'” In particular, UiO-66(Ce)
is expected to have longer excited states and easier charge-
hole separation compared to UiO-66(Zr) due to the low-lying
unoccupied 4f orbitals of Ce*", and the redox cycling between
Ce"" and Ce®" may also confer more attractive catalytic per-
formance to UiO-66(Ce)."*"?

However, due to the inherent defects of UiO-66(Ce), UiO-66
(Ce) as a reduction semiconductor photocatalyst is still in its
early stages and requires further exploration. Considering that
the Ce**/Ce®* orbitals could not combine well with the orbitals
of organic ligands, this may make LMCT and the generation of
reductive  photoelectrons more difficult.’®  Therefore,
additional media are needed to bridge the gap between the
Ce"*/Ce®" cycle and the oxidation of most target molecules.
Fortunately, it has been confirmed that the photocatalytic
reducibility of UiO-66 can be improved through Ti-mediated
electron transfer mechanisms. For example, Zhang et al.* and
Wang et al.>* have demonstrated that the introduction of Ti
into Ui0-66(Ce) and UiO-66-NH,(Zr) significantly prolongs the
excited state lifetime and enhances the catalytic activity.
Therefore, it is feasible to consider using UiO-66 as a potential
qualified amine selective RP.

More importantly, it is encouraging that the formation of
abundant oxygen vacancies (OVs) has been discovered for the
first time in Ce-MOFs.>® The generation of OVs facilitates the
internal transfer of reducible electrons and the formation of
hydroxyl groups ('OH) and superoxide (‘O,”) radicals.
Additionally, Ce-MOFs with abundant oxygen vacancies not
only provide channels for the transport of charge carriers,
facilitating the formation of S-scheme heterojunctions with
low interface charge transfer barriers, but also offer more
favorable binding sites to achieve tighter and more stable
contact interfaces. Inspired by enzymatic reactions, the specific
physicochemical environment of the interface microenvi-
ronment (IME) may interact with substrates and influence the
catalytic process, providing advantages for achieving high
activity and selectivity of catalysts. Therefore, by modifying the
types and combinations of inorganic nodes and organic
linkers, UiO-66 is endowed with different microscopic struc-
tures and tunable interface microenvironments, providing a
new pathway for efficient primary amine conversion.

In summary, it is hoped that a new S-scheme heteroatom-
doped MOF/BiOCI photocatalyst can be constructed through
interface engineering and used in aerobic organic reactions.
Unfortunately, there have been no reports in this area to date,
and the exploration of relevant mechanisms remains blank. In
this work, we chose Ce** and terephthalic acid as precursors to
synthesize UiO-66(Ce), which was then transformed into Ti-
doped UiO-66(Ce/Ti) through cation exchange. Its suitable con-
duction band position and small work function meet the
requirements for the formation of an S-scheme system with
BiOCIl. Furthermore, the abundant surface oxygen vacancies in
Ui0-66(Ce/Ti) not only promote interfacial charge transfer, but
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also potentially participate in the internal circulation of Ce**/
Ce®* and Ti""/Ti**, thereby facilitating the generation of
additional Lewis acid sites on the surface of the photocatalyst
and forming a microenvironment at the BIOCI/MOF interface.

In this work, a novel S-scheme heterojunction of BiOCl/
MOF with a strong internal electric field was designed and syn-
thesized for the first time by combining titanium-doped
cerium oxo-based UiO-66 MOFs with BiOCl. Compared to
using BiOCl alone, the conversion rate of aniline was improved
by approximately 3.3 times. The enhanced photocatalytic
activity benefits from the favorable S-scheme charge transfer
from BiOCl to UiO-66(Ce/Ti) and the electron interactions
between Ce and Ti, leading to the conversion of Ce*" + Ti** =
Ce® + Ti*" + OVs. The charge transfer in the S-scheme hetero-
structure was determined by electron paramagnetic resonance
(EPR) spectroscopy and in situ X-ray photoelectron spec-
troscopy (XPS). The reaction mechanism for the enhanced
oxygen photocatalytic performance of the BiOCl/UiO-66(Ce/Ti)
catalyst was further revealed through density functional theory
(DFT) calculation. It is worth noting that significant charge
accumulation occurs at the interface of the heterostructure
model, indicating the strong interaction and synergistic effect
between UiO-66(Ce/Ti) and BiOCl. The resulting interface
microenvironment not only greatly promotes the separation
and transport of electrons and holes, but also retains electrons
with a high oxidation-reduction ability in the conduction
band of UiO-66(Ce/Ti) and holes in the valence band of BiOCl.
This study provides insights for the rational design of
advanced materials and reaction systems for selective photo-
catalytic oxidation of amines, highlighting the modulation of
IME engineering.

Experimental section

Synthesis of BiOCl/UiO-66(Ce/Ti) heterojunction
photocatalysts

The synthetic procedures of S-scheme BiOCl/UiO-66(Ce/Ti) het-
erojunctions are illustrated in Scheme 1. Firstly, 1,4-benzendi-
carboxylic acid (H,BDC, 354 mg, 2.13 mmol) and an aqueous
of cerium(iv) ammonium nitrate (4 mL, 5.3 M) were used as
raw materials to prepare UiO-66(Ce) via the solvothermal
method reported in the literature.”* Then, UiO-66(Ce/Ti) rich
in oxygen vacancies was prepared using cation exchange.?' On
the other hand, BiOCl nanosheets with a two-dimensional
morphology were prepared using BiCl; and KMnO, as raw
materials.

The coupling of the MOF with BiOCIl nanosheets through
the hydrothermal method results in the formation of S-scheme
BiOCl/UiO-66(Ce/Ti) (BCT) heterojunction photocatalysts. The
detailed preparation methods of BiOCl and UiO-66(Ce/Ti) cata-
lysts are provided in the ESI.

Characterization of photocatalysts

The as-prepared samples were characterized by X-ray powder
diffraction (XRD), Fourier transform infrared (FTIR) spec-
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Scheme 1 Synthetic illustration of the BCT heterojunction photocatalyst.

troscopy, X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray spectroscopy (EDS), high-resolution transmission
electron microscopy (HRTEM), UV-vis diffuse reflectance spec-
troscopy (DRS), photoluminescence (PL) spectroscopy and
electrochemical impedance spectroscopy (EIS). Detailed infor-
mation about experimental instruments and setting para-
meters is provided in the ESI.}

Procedures for the oxidative coupling of amines

In a typical oxidation process, a 10 mL round-bottom flask
with two necks was used as the reaction vessel. Firstly, 20 mg
of photocatalyst and 0.2 mmol of amines were placed in 3 mL
of water with a magnetic stirrer. The system was first furnished
with an O, balloon with stirring for 0.5 h, then the bottom was
sealed under O, protection and irradiated for 6 h with visible
light (4 > 400 nm), which was placed on one side of the reac-
tion flask with 8 cm apart. After the reaction, the system was
centrifuged and separated from the aqueous phase by extrac-
tion with ethyl acetate. The product was quantified using
GC-MS analysis. The catalyst after the reaction was obtained by
centrifugation and washed four times with ethyl acetate and
ethyl alcohol, which could be used for the next cycle after
drying.

Other testing details and DFT calculation methods related
to photocatalytic performance are included in the ESL.

Results and discussion
Crystal structure and morphology

The phase structure of the samples was investigated using
powder X-ray diffraction (XRD) (Fig. S1at). The XRD pattern of
BiOCl was perfectly consistent with the standard pattern
(JCPDS NO. 06-0249),> with the characteristic Bragg reflec-
tions attributed to the (001), (002), (101), (110), (102), (003),
and (112) planes of BiOCI at 26 = 12°, 24°, 26°, 32°, 33°, 37°,
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and 41°, respectively. The XRD spectra of UiO-66(Ce/Ti) were
similar to those reported in the literature,*! indicating the suc-
cessful synthesis of UiO-66. In the XRD pattern of the BCT
heterostructure, no noticeable signals from the MOF were
detected due to the higher dispersibility and lower MOF
content. However, it should be noted that in addition to the
peaks of BiOCl, tiny peaks assigned to the MOF were observed,
indicating the successful construction of the heterostructure.
FTIR spectroscopy (Fig. S1bt) was used to analyze the surface
chemical bonds and functional groups of the synthesized
samples. Three characteristic peaks were observed in the
BiOCI spectrum, with the peak at 524 cm™" corresponding to
the Bi-O bond. The stretching and bending vibrations of
hydroxyl groups primarily appeared at around 3414 cm™,
which may be related to crystalline water adsorbed on the
BiOCI surface. The peak at 1622 cm™" was associated with the
bending vibration of the OH functional group. Within the
spectral range of 3666-3635 cm™", a broad peak appeared in
the MOF, possibly partially masked by the OH groups of
adsorbed solvent molecules (3400-2800 c¢cm™'). The asym-
metric (1590-1550 cm™') and symmetric (1390-1370 cm™)
stretching peaks of carboxylic acid groups were present in the
spectra of all MOF compounds.>® The peaks for the stretching
and flexing vibrations of C-C and C=N bonds mainly
appeared at around 1152 ¢cm™'-1657 cm™, 1018 cm™' and
1108 cm™", which were related to the stretching vibrations of
C-0 and C=0. The peaks at 510 cm™" and 671 cm™" may be
associated with the bending and stretching vibrations of Ce-O,
Ti-O or M-O-M bonds. It is worth noting that the band at
671 cm™" is the result of the interaction between Ce*" and the
carbon part of the terephthalic acid ligand (COOH).>” An
observation of the FTIR spectrum of BCT suggests that the
peak at 1680 cm™" is likely associated with the stretching
vibration of the C=0 bond, while the peak at 1574 cm™" is
associated with the stretching vibration of the Ce-O bond. The
peaks at 1422 cm™" and 1511 cm™" are related to the vibrations
of functional groups in the UiO-66 structure. The peaks at
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779 em™" and 733 cm™" are attributed to the Bi-O-Bi bond
and the Bi-Cl bond, respectively, proving the binding effect of
the MOF on the BiOCI surface. Furthermore, after the combi-
nation of BiOCl and the MOF, the intensity of the MOF band
significantly decreases and overlaps with the peaks of BiOCl,
confirming the expected formation of a composite material
between these two materials.

The morphological characteristics of the prepared BiOCl,
MOF and BCT composite materials were studied using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). In the SEM images, BiOCl shows a two-
dimensional nanosheet morphology with a size of approxi-
mately 10 nm (Fig. 1a). In the high-resolution TEM (HRTEM)
images, the spacing between lattice fringes is 0.275 nm, which
is attributed to the (110) plane of the tetragonal phase of
BiOCI (Fig. 1f). After the combination of BiOCI and the MOF,
the BCT nanosheets aggregate into a more open morphology,

—o— BiO(C1
—o— Li0-66(Ce)
80 —o— LiO-66(CerTi)
—o— BCT

Yield (%)

2 4
Reaction time (h)
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like loose flowers (Fig. 1c). The HRTEM image of BCT reveals
that the BiOCI nanosheets are closely attached to the porous
MOF surface (Fig. 1d), with a clearly visible lattice fringe at the
interface. The lattice spacing of the MOF corresponds to its
(111) plane and measures 0.24 nm (Fig. 1f). Furthermore,
energy-dispersive X-ray (EDX) element mapping (Fig. 2) shows
a uniform distribution of the elements Bi, O, Cl, Ti, Ce and N,
confirming the successful construction of the heterojunction
structure.

Photocatalytic oxidation of amines

This study for the first time used the photo-selective oxidation
of benzylamine (BA) as a model reaction to investigate the
effect of interface engineering on the photocatalytic perform-
ance of the BCT heterojunction. Initially, control experiments
were conducted without the presence of a photocatalyst, light
source, or oxygen atmosphere (Table 1, entries 2-4). Obviously,

[

Cycle

Fig. 1 SEM images of the as-prepared samples: (a) BiOCl, (b) UiO-66(Ce/Ti) and (c) BCT. HRTEM images of BCT (d—f). (g) Time course of yields of
different catalysts. (h) Photoactivity of recycled BCT. Reaction conditions: 0.2 mmol substrate, 20 mg of catalyst, O, atmosphere, 3 mL of H,O, 4 >

400 nm. Yields were determined by GC-MS.
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Fig. 2 EDS elemental mapping images of Bi, O, Cl, Ti, Ce and N elements.

Table 1 Blank and inhibition experiments

Entry BCT 0, hv Scavengers Yield” (%)
1 + + + — 98

2 + + — — —

3 — + + — —

4 + — + — Trace

5 + + + BQ (0,7) 8

6 + + + B-Carotene ('0,) 13

7 + + + KI (h") 40

8 + + + IPA ("OH) 83

“Reaction conditions: 0.2 mmol benzylamine, 20 mg of BCT, O, atmo-
sphere, and 3 mL of H,O. Yields were determined by GC-MS.

no target product was detected, confirming the essential role
of both the photocatalyst and oxygen in the organic transform-
ation. Under visible light (4 > 400 nm) irradiation, when
Ui0-66(Ce) was used as a photosensitizer, only a 40% product
yield was achieved, indicating that cerium alone as the metal
node was unable to sustain this high efficiency. However,

This journal is © the Partner Organisations 2024
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when Ti was doped into UiO-66(Ce), UiO-66(Ce/Ti) as a photo-
catalyst achieved a 60% product yield. We speculate that the
interaction between benzylamine and UiO-66(Ce/Ti) promotes
the formation of surface coordinating species, resulting in a
stronger visible light-induced LMCT, and accelerates the oxi-
dation process of benzylamine. Subsequently, BA and BCT
reacted under an oxygen atmosphere, resulting in the for-
mation of the corresponding imine after 6 h with a conversion
rate as high as 98% and a selectivity of 99% (Table 1, entry 1),
highlighting the importance of the heterostructured interface
formed by UiO-66(Ce/Ti) and BiOCl. Additionally, the catalytic
performance of BCT was compared with several representative
photocatalysts in Table S1,f and BCT demonstrated a higher
benzylamine conversion rate. Importantly, in contrast to other
reported photocatalysts, BCT synthesized in this study
achieved a considerable imine yield in a solution with water as
the sole medium. The kinetic equation for benzylamine photo-
oxidation can be attributed to a pseudo-first-order kinetic
process (Fig. 1g), where BCT exhibited the highest reaction
rate. Under the optimal conditions, the scope of substrates

Inorg. Chem. Front., 2024, 11,1583-1595 | 1587
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Table 2 Visible light-driven aerobic selective oxidation of amines using BiOCl/UiO-66(Ce/Ti)®

X
NH, BiOCI/UiO-66(Ce/Ti) N
R » R R
A > 400nmwhite LEDs, H,0, O,
Entry Substrate Product Conv.? (%) Sel.? (%)
1 ©/\NH, @/\v/\© 08 99
2 Q/\NHZ /@/%N/\Q\ 91 99
f F F
3 /@/\NHZ mN /\©\ 87 99
a al c1
4 J@/\ NH, /@/\N /\@\ 90 99
Br Br Br
5 /©/\NH2 /@/\N /\@\ 80 99
F;C F;C CF;
6 NH, CHs - H,C 78 99
N
CHj, X
7 /©\/ /©\/ \/©\ i i
NH, N
H;C H;C A CHj
8 /@/\NHZ @N /\@\ 92 99
e H;C CH,
9 /@/\N“z /@/\N /\©\ 98 99
N,
o o o
i /©\/ @\/ \/©\ i i
NH. N
\0 ’ \0 A 0/
11 | | | 92 99
(o} (o] o
Qi/”“’ @(/”\;@

“Reaction conditions: benzylamine (0.2 mmol), catalysts (20 mg), H,O (3 mL), O, atmosphere, temperature (25 °C), visible light (4 > 400 nm),

irradiation time (6 h). ” ields were determined by GC-MS.

was expanded to evaluate the generality of BCT photocatalysts.
Amines containing electron-withdrawing para groups (-F, -Cl,
-Br, -CF;) and electron-donating para groups (-CHjz, -OCH3)
were efficiently converted to the desired N-benzylbenzylamine
without any other byproducts observed (Table 2, entries 2-5, 8
and 9). Furthermore, amines with electron-donating substitu-
ents exhibited higher imine yields through photo-selective oxi-
dation on BCT compared to those with electron-withdrawing
substituents. Additionally, due to the spatial effect, the conver-
sion rates of regioisomers consecutively following the order of
ortho < meta < para (Table 2, entries 6-11).

The durability of BCT photocatalysis was measured through
recycling tests, and the data are summarized in Fig. 1h. It is
worth mentioning that the conversion rate of BA remained at

1588 | /norg. Chem. Front,, 2024, 11, 1583-1595

around 88% over the four cycles, indicating no significant loss
of catalytic activity. The XRD patterns and SEM images of BCT,
as shown in Fig. S2,T demonstrated no noticeable changes in
the morphology compared to before the experiment, confirm-
ing the good structural stability of BCT.

Physicochemical properties and electronic structure

Chemical and physical techniques were employed to study the
charge separation of typical samples and to elucidate the
charge transfer mechanism in the S-scheme heterojunction.
The optical absorption characteristics of the samples were
investigated by UV-vis diffuse reflectance spectroscopy (UV-vis
DRS) and compared with UiO-66(Ce); UiO-66(Ce/Ti) exhibited
significantly enhanced optical absorption in the full spectral

This journal is © the Partner Organisations 2024
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range. After introducing porous UiO-66(Ce/Ti) into BiOCI, the
composite material BCT exhibited strong optical absorption
under visible light irradiation (Fig. S3T). The band gap width
of the prepared samples can be calculated using the Kubelka-
Munk function formula.®® The band gaps of BiOCl, UiO-66
(Ce), and UiO-66(Ce/Ti) were 3.02 eV, 2.81 eV, and 2.72 eV,
respectively (Fig. 3a). The valence band positions of the pre-
pared samples were evaluated based on the XPS-VB spectrum.
The maximum VB positions of BiOCl, UiO-66(Ce), and UiO-66
(Ce/Ti) were approximately 2.80 eV, 2.18 eV, and 2.36 eV,
respectively (Fig. S41). The conversion formula for hydrogen
electrode potential is Exyg = @ + VBmax — 4.44,%° where Exyg,
@, and VB, represent the potential of the NHE (eV), the elec-
tron work function of the instrument (3.88 eV), and the deter-
mined maximum valence band value by XPS-VB, respectively.
Therefore, the VB potential values of BiOCl, UiO-66(Ce), and
UiO-66(Ce/Ti) were 2.24 eV, 1.62 eV, and 1.80 eV (vs. NHE),
respectively. The corresponding CB potential values of the
above samples were calculated to be —0.78 eV, —1.19 eV, and
—0.92 eV using the formula Ecg = Eyg — Ej.

Mott-Schottky tests were carried out to measure the flat
band potential (FB)*® of BiOCI and UiO-66(Ce/Ti), as shown in
Fig. S5,1 the positive slopes of both BiOCl and the MOF indi-
cate that they are n-type semiconductors.’’ The FB potentials
are —0.50 V and —0.68 V (relative to NHE) for BiOCl and
Ui0-66(Ce/Ti), respectively. According to previous reports,*>
the CB potentials of BiOCl and UiO-66(Ce/Ti) were calculated
to be —0.70 V and —0.88 V, respectively, which is consistent
with the VB-XPS spectral results.

The band structures, total density of states (TDOS), and
local density of states (LDOS) of BiOCl, UiO-66(Ce), UiO-66(Ce/
Ti), and the BiOCl/UiO-66(Ce/Ti) heterojunction were calcu-

View Article Online
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lated using DFT. From the observation of Fig. 3b, the band
gaps of BiOCl, UiO-66(Ce), and UiO-66(Ce/Ti) were 2.50 eV,
2.30 eV, and 2.15 eV, respectively, which are smaller than the
experimental values from UV-vis DRS. This phenomenon is
due to the limitation of discrete Fourier transformation calcu-
lations, which does not consider the discontinuity of the
exchange-correlation potential. In Fig. S6,f the valence band
maximum (VBM) of BiOCl is mainly determined by the O 2p
and Cl 3p states, while the contribution of Bi 6s and Bi 6p
states is small. The conduction band minimum (CBM) is
mainly controlled by the Bi 6p state. In pure UiO-66(Ce), the
VBM is mainly contributed by the O 2p and C 1p states and
the CBM is dominated by the Ce 4f state. After Ti atom doping,
UiO-66(Ce/Ti) has the same VBM as UiO-66(Ce), while the CBM
is mainly contributed by the Ce 4f and Ti 3d states. When
BiOCl is coupled with UiO-66(Ce/Ti), the BCT structure exhi-
bits enhanced charge density. Therefore, we speculate that the
BCT heterojunction will show enhanced photo-responsiveness.

The work functions (W) of BiOCIl and UiO-66(Ce/Ti) were
calculated by DFT to be 7.56 and 6.77 €V, respectively (Fig. 4a).
The calculated values of the E¢ for BiOCl and UiO-66(Ce/Ti)
were —7.56 eV and —6.77 eV, respectively (E¢ = V,. — W,>* where
Vac is the vacuum level, assumed to be 0). It is evident that
BiOCl has a larger W (7.56 eV) and a lower E¢ (—7.56 eV), while
UiO-66(Ce/Ti) has a smaller W (6.77 eV) and a higher E¢ (—6.77
eV). Therefore, when they come into contact, electrons can
easily transfer from UiO-66(Ce/Ti) to BiOCl, bringing them to
the same FE and generating an interface electric field (IEF).
When the BCT heterojunction is exposed to light, the electrons
of BiOCl and UiO-66(Ce/Ti) are excited from the valence band
(VB) to the conduction band (CB), respectively. Under the com-
bined effect of the IEF, interface band bending, and Coulomb
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Fig. 3 (a) Plots of (ahu)'? or (ahv)? vs. (hv) for the band gap energy of the samples calculated using the Kubelka—Munk function formula. (b) Band

structures of the samples calculated by DFT simulations.
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interaction, the optically generated electrons in BiOCl flow
towards UiO-66(Ce/Ti) and recombine with the optically gener-
ated holes in UiO-66(Ce/Ti). This charge transfer behavior
follows the S-scheme mechanism (Fig. 4b).

To identify the surface elemental composition and elec-
tronic states of BiOCl, the MOF, and BCT, the X-ray photo-
electron spectroscopy (XPS) technique was employed. As
shown in Fig. S7,1 the XPS survey spectra reveal the presence
of Bi, Cl, Ce, Ti, O, C, and N elements in the BCT composite
material, which is consistent with the EDS results. The charac-
teristic peaks observed at 164.5 eV and 159.2 eV can be attribu-
ted to the binding energies of Bi 4f;, and Bi 4f,, (Fig. 5a),
respectively, in BCT.>* The binding energies of Cl 2p in BCT
are located at 199.5 eV and 197.9 eV, corresponding to Cl 2p;,
and Cl 2ps,, respectively (Fig. 5b). The high-resolution Ti 2p
XPS spectra of BCT, as shown in Fig. 5c, indicate that Ti*"
occupies the majority of proportion. The peak values of 2p;,
at 459.2 eV and 457.5 eV are attributed to Ti*" and Ti’*",
respectively. The peak values of Ti 2py/, at 466.64 eV, 465.04
eV, and 461.5 eV are assigned to Ti*".?® It is worth noting that
the interaction between the MOF and BiOCl may result in a
new chemical environment, such as the formation of Ti-O
covalent bonds. This leads to the redistribution of titanium
electrons, making the Ti 2p,, level closer to oxygen atoms
compared to the Ti 2p;/, level. Therefore, the binding energy
and peak position of the Ti 2p peak in BCT are increased com-
pared to the pure MOF. Additionally, BCT exhibits two peaks at
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(a) Work functions (W) of BiOCl and UiO-66(Ce/Ti) calculated by DFT. (b) Schematic diagrams of the S-scheme heterojunction.
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around 465.0 eV, possibly due to the overlap between the
binding energy of Bi 4d;/, at 466.5 eV and the binding energy
of Ti 2p,, at 465.0 eV.>* In the Ce 3d XPS spectrum of BCT, the
Ce 3d5/2 peaks at BEs of 881.4 eV and 885.9 eV are assigned to
Ce’*, while the peaks at 883.6 eV and 887.9 eV are related to

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d3qi02645k

Published on 23 Januar 2024. Downloaded on 06.02.26 11:16:33.

Inorganic Chemistry Frontiers

Ce"" (Fig. 5d). The Ce 3d3/2 peaks at 899.0 eV and 904.5 eV
belong to Ce** species, while the corresponding peaks at 901.2
eV and 908.0 eV are attributed to Ce*".*"*® The C 1s spectra of
BCT are shown in Fig. S7b,} and the peaks at 284.8, 286.3, and
288.9 eV are attributed to C-C/C-O and O=C-O, respectively.
The O 1s spectrum of BCT (Fig. S7ct) exhibits peaks at 530.2,
531.5, and 533.1 eV, corresponding to lattice oxygen, oxygen
vacancies and chemisorbed oxygen, respectively.*® The content
of oxygen vacancies in BCT is higher than that in BiOCl, con-
sistent with the variation in the signal intensity of oxygen
vacancies in the EPR spectra (Fig. S8t), indicating that the
presence of Ti provides more active sites, affecting the adsorp-
tion and activation of BA. Besides, the change in the binding
energy can be used to investigate the direction of carrier trans-
fer in heterogeneous photocatalysts.>” Compared with BiOCI,
the binding energy of Bi 4f and Cl 2p in the BCT composite
material significantly shifts to lower energy levels in the dark,
indicating an increased electron density in BiOCIL. In contrast,
the binding energy of Ti 2p and Ce 5d in BCT shifts to higher
energy levels in the dark relative to the MOF, indicating an
electron transfer from the MOF to BiOCl. When performing
in situ irradiation XPS measurements, the binding energies of
Bi 4f and Cl 2p in the BCT composite material significantly
shift to higher energy levels under light irradiation compared
to those in the dark. On the other hand, the binding energies
of Ti 2p and Ce 5d in BCT noticeably shift to lower energy
levels (Fig. 5c and d). This indicates that when both BiOCI and
the MOF are simultaneously excited, photogenerated electrons
transfer from BiOCI to the MOF, consistent with the S-scheme
charge transfer model.

To further verify the S-scheme mechanism of the BCT het-
erojunction, the electron paramagnetic resonance (EPR) tech-
nique was used to discriminate and semi-quantify the prepared
materials, where 5,5-dimethylpyrroline N-oxide (DMPO) captured
hydroxyl radicals ("OH) and superoxide radicals ("O,~) were used.
The signal intensity of DMPO-"OH increased in the order of MOF
< BiOCI < BCT (Fig. 6a), while the signal intensity of DMPO-"O,~
increased in the order of BiOCl < MOF < BCT (Fig. 6b). The signal
intensity of BCT was significantly stronger than that of the orig-
inal BiOCl and MOF, indicating that the photogenerated charge
transfer mechanism of the BCT heterojunction conforms to the
S-scheme mechanism.”” Photoluminescence (PL) and electro-
chemical impedance spectroscopy (EIS) also support the above
conclusion. The PL intensity of BCT is significantly lower than
that of the original BiOCl and MOF, indicating that the construc-
tion of an S-scheme heterojunction photocatalyst can effectively
suppress the recombination of photo-generated charge carriers
(Fig. 6¢). The EIS radius of the BCT heterojunction is smaller,
indicating a higher photocurrent density compared to the orig-
inal BiOCl and MOF, reaffirming the efficient separation and
transfer efficiency of photo-induced charge carriers on the BCT
heterojunction (Fig. 6d).

Mechanistic investigation

The identification of reactive oxygen species (ROS) is the basis
for studying reaction mechanisms. Firstly, we conducted
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Fig. 6 Electron paramagnetic resonance (EPR) spectra of (a) DMPO-
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quenching experiments to verify the selective generation of
imines by ROS on BCT. Under the optimized conditions, KI,
isopropanol (IPA), p-carotene and benzoquinone (BQ) were
selected as trapping agents for holes (h'), "OH, (singlet oxygen)
'0,, and (superoxide radical anion) ‘O,~, respectively. The con-
version of primary amines was almost inhibited when KI,
B-carotene, and BQ were added, indicating that h*, 'O, and
‘O,” played a vital role in the activation of primary amines,
respectively (Table 1, entries 5-7). However, IPA hardly inhib-
ited the action (Table 1, entry 8), suggesting that the role of
‘OH can be ignored.

Next, EPR measurements were conducted to further detect
the existence of '0, and ‘O,”. 2,2,6,6-Tetramethyl-piperidine
(TEMP) is regarded as a typical trapping agent for '0,. Under
visible light irradiation and an O, atmosphere, a strong 1:1:1
triplet signal was observed after the addition of BCT (Fig. 7b).
This signal can be assigned to the 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) radical formed via the reaction of
TEMP with '0,.*® Subsequently, EPR experiments with 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as the trapping agent for
'0,” showed a strong specific quartet signal (Fig. 7a), indicat-
ing the formation of DMPO/"OOH derived from the reaction of
DMPO with "0,7.>>*® As expected, the addition of BA to a
mixture of TEMP/BCT and DMPO/BCT attenuated the signal
intensity (Fig. 7). The above results demonstrated that BCT is
capable of 'O, and ‘O, generation, both of which play a key
role in the photo-oxidation reaction of amines.

Furthermore, the adsorption and activation of BA also play
an important role in investigating the selective oxidation
mechanism. The EPR spectrum shows that BCT exhibits the
highest oxygen vacancy intensity. When BCT adsorbs BA, the
oxygen vacancy intensity decreases significantly, indicating
that the presence of Ti and oxygen vacancies can affect the
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adsorption and activation of BA (Fig. S8t1), as discussed further
in the DFT calculations below.

The calculated adsorption energies of BA on the original
BiOCl, BiOCl/UiO-66(Ce), and BiOCl/UiO-66(Ce/Ti) are —0.19
eV, —0.21 eV, and —0.49 eV, respectively, indicating that the
adsorption affinity of the heterojunction structure formed by
Ti-doped UiO-66(Ce) and BiOCl is significantly enhanced
(Fig. 7c-e). This also suggests that the presence of Ti and the
formation of OVs will provide more active sites for BA adsorp-
tion. Subsequently, a deeper understanding of the adsorption
behavior was obtained by calculating the differential charge
density (DCD) (Fig. 8a). It was found that a large amount of
charge was transferred from BiOCI to BA molecules through
the MOF, laying the foundation for the activation of BA and
the generation of the corresponding benzylamine free radical
cation. In addition, the significant accumulation of charges
around the BA molecules and the catalyst surface further con-
firms the strong affinity of BCT to BA. A large amount of elec-
tron enrichment can be observed at the interface of BiOCl/
MOF, which may be attributed to the change in the interface
electron environment caused by the S-scheme heterojunction,
which is very beneficial for the selective oxidation of BA.
During the simulation of the activation process of BA, it was
found that the activation energy barriers for BA on BCT (0.88
eV, —0.36 eV, —0.42 eV) are significantly lower than those on

1592 | /norg. Chem. Front., 2024, 11, 1583-1595

BiOCl/UIO-66(Ce) (Fig. 8b). The above DFT calculation results
indicate that BCT is more conducive to the adsorption and
activation of BA, and thermodynamically more favorable for
the oxidation of BA.

Therefore, combining experiments and DFT calculations,
the mechanism of electron transfer and energy transfer may
be involved in BA photocatalysis on BCT, as shown in Fig. 9.
Under light irradiation conditions, BiOCl and the MOF tran-
sition into excited states by excitation of electrons from the
valence band (VB) to the conduction band (CB). Subsequently,
driven by the Coulomb interaction and the interfacial electric
field (IEF), the electrons accumulated in the CB of BiOCl tend
to recombine with the holes in the VB of the MOF. This
S-scheme band structure is conducive to eliminating the rela-
tively useless electrons in the CB of BiOCI and the holes in the
VB of the MOF, thereby promoting spatial separation of photo-
carrier pairs. Electrons will accumulate in the MOF and gene-
rate a singlet excited state of the MOF (MOF*(S;)).

Meanwhile, O, is directly activated to ‘0,” *! through single
electron transfer (SET). In addition, the presence of electron
interaction between Ce and Ti leads to the formation of two
redox media, Ce*"/Ce*" and Ti**/Ti**, which will promote the
generation of more Lewis acid sites on the surface of the
photocatalyst. More importantly, the rich oxygen vacancies
(OVs) in the MOF are beneficial for the adsorption and acti-
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Fig. 9 Photocatalytic mechanism for the oxidation of benzylamine
using the BIiOCl/UiO-66(Ce/Ti) heterojunction under visible light
irradiation.

vation of BA molecules, thus reducing the overall activation
energy barrier for BA oxidation. Therefore, BCT exhibits good
activity in the photocatalytic oxidation of BA, which may be
attributed to the synergistic effect of the S-scheme band struc-
ture and the conversion of Ce*" + Ti*" = Ce*" + Ti*" + OVs. On
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the other hand, MOF(MOF*(S;)) may undergo an intersystem
crossing (ISC) to convert to the triple excited state of MOF
(MOF*(Ts)), and then MOF(MOF*(T;)) activates O, to form
'0,.*> Meanwhile, the holes aggregated on the VB of BiOCI
react with the BA molecules adsorbed on the MOF sites to
generate benzylamine radical cation species (I). Active oxygen
species ('O, and "0,") react with the radical cation species ()
to produce NH-imine intermediates (II) and the byproduct
H,0,.** The production of H,0, in the benzylamine coupling
reaction mixture was identified by oxidation using KMnO,
(Fig. S91).** 1t is worth noting that NH-imine exhibits strong
reactivity in the photocatalytic process and is therefore easily
attacked by amines to form intermediate III. Subsequently,
intermediate III removes ammonia with the assistance of a
proton to generate the imine product.

Conclusions

In summary, by a simple cation exchange process, Ti doping
was introduced into UiO-66(Ce) to obtain UiO-66(Ce/Ti), and
its successful coupling with the nanosheets of BiOCI resulted
in the fabrication of an S-scheme BiOCl/UiO-66(Ce/Ti) hetero-
junction. The imine conversion rate of the heterojunction is
2.5 and 3.3 times higher than that of the original UiO-66(Ce)
and BiOCl, respectively. The experimental results and DFT cal-
culations indicated that the formation of the BiOCl/UiO-66(Ce/
Ti) heterojunction led to the establishment of a strong internal
electric field, enhancing the charge separation efficiency,
retaining the strong redox ability, and increasing the adsorp-
tion and activation ability of amines. Additionally, the electron
interaction between Ce and Ti resulted in Ce*" + Ti** + OVs,
promoting the generation of more Lewis acid sites on the
surface of the photocatalyst and creating a rich oxygen environ-
ment at the heterojunction interface, synergistically enhancing
the adsorption and activation ability of amines in the
S-scheme structure. This study highlights the rational regu-
lation of the microenvironment at the heterojunction inter-
face, providing a new perspective for the design of highly
efficient S-scheme heterojunction photocatalysts.
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