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ARTICLE INFO ABSTRACT

Metal-organic frameworks (MOFs), a new class of porous and crystalline materials, which have drawn increasing
attention in diverse areas. The development of highly active MOFs-based photocatalysts have become a research
hotspot owing to the tunable semiconducting properties and highly porous nanostructure. The unique roles of
photocatalysis by MOFs can be conventionally optimized towards addressing the environment and energy issues.
In this paper, NH,-MIL-125(Ti)/BiOCl composite was studied as a novel visible-light responsive photocatalyst for
the removal of organic contaminants. The composite displays significantly enhanced photocatalytic activity for
contaminant degradation as compared with BiOCl and NH,-MIL-125(Ti), and the optimal NH,-MIL-125(Ti)
content is 10 wt%. The remarkable enhancement of the photocatalytic performance can be ascribed to the ab-
sorption of visible-light as well as the efficient charge separation and transfer on the interface contact between
BiOCl and NH,-MIL-125(Ti). Superoxide radicals and holes were determined to be the main active species in the
photocatalytic process via the reactive species trapping experiments and electron spin resonance, and the
plausible photocatalytic mechanism is presented. This work aims to provide guidelines for developing more
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organic-inorganic hybrid materials for environmental remediation.

1. Introduction

Photocatalysis, an environmentally friendly technology, can remedy
the environment by employing solar energy [1-4]. By far, a lot of re-
search has focused on semiconductor-based photocatalysts, for in-
stance, elemental photocatalysts [5], (oxy)nitrides [6], oxides [7], and
plasmonic photocatalysts [8]. Among all the catalysts, bismuth oxy-
chloride (BiOCl) displays a typical tetragonal matlockite structure, in
which a [Bi»O,] slab is interleaved by double slabs of chlorine in the
crystal [9-11]. The unique layered structure provides sufficient space to
polarize the interrelated orbitals and atoms to form static electric fields
perpendicular to the [Bi,O5] and [Cl,] slices [12,13]. Consequently, the
formed static electric fields can promote the effective separation of
photogenerated electron-hole pairs, resulting in a preferable photo-
catalytic performance [14]. Nevertheless, the wide energy band struc-
ture of BiOCl causes the absorption of ultraviolet light, leading to a
slight solar-light photocatalytic performance due to its inefficient uti-
lization of visible light. Various attempts have been made to increase
the visible light response in order to improve the photocatalytic
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efficiency of BiOCl. Most of them centered on constructing hetero-
geneous structure [15-17], tailoring size and morphology [18,19] and
doping of Br~ or I” in place of Cl~ ions [20]. Besides, grafting of
photosensitizers [21] and surface depositing of metal nanoparticles
[22] to obtain visible-light photocatalysis have also been attempted.
However, the modified BiOCl photocatalyst does not satisfy the re-
quirements of large-scale practical applications. As a result, it is urgent
to design a semiconductor material with high visible-light response and
appropriate band-gap structure, and compound it with BiOCl to im-
prove the photocatalytic performance.

Metal-organic frameworks (MOFs), an intriguing family of in-
organic-organic hybrid material, are comprised of metal clusters or
inorganic metal ions linked by organic bridging ligands via the co-
ordination bonds [23]. MOFs serve as adsorbents [23], catalysts [24],
separations [25] and drug delivery agents [26], thanks to their large
internal surface area, easy tunability of shape, and a wide diversity of
metallic centers. Additionally, MOFs have shown great potential for
photocatalysis because of their unique porous structure together with
ample physicochemical characteristics of the organic ligands and metal
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centers [27]. Particularly for NH,-MIL-125(Ti), a type of amine-func-
tionalized NH,-Ti-MOF, has been investigated as a visible-light photo-
catalyst for water purification [28], hydrogen production [29], CO,
reduction [30] and organic synthesis [31]. Upon illumination, the
photogenerated electrons can migrate to the titanium-oxo cluster of
NH,-MIL-125(Ti) through a linker-to-metal charge transfer mechanism
(LMCT), which are favored for photocatalysis [32]. In addition, the
integration of MOFs with other functional semiconductor materials has
achieved the desired photocatalytic characteristics [33]. The large
specific surface area, wide visible-light absorption and adjustable band
gap edges could be the key properties for improving the photocatalytic
performance of traditional inorganic semiconductors.

In this work, we demonstrate one-pot hydrothermal strategy for the
preparation of NH,-MIL-125(Ti)/BiOCl composite with regulable NH,-
MIL-125(Ti) loading amount to enhance the photocatalytic degradation
of tetracycline hydrochloride (TC) and bisphenol A (BPA). The char-
acterizations of FTIR, Raman, XPS, TGA and TEM confirm the fabrica-
tion of NH,-MIL-125(Ti)/BiOCl composite, and the degradation results
demonstrate that the synthesized composite displays higher photo-
catalytic activity than pure BiOCl or NH,-MIL-125(Ti). The mechanism
underlying the contaminants photodegradation in this work is studied
via electron spin resonance (ESR) analysis and reactive species trapping
experiments. Our findings offers a vital insight into the designing of
organic-inorganic composite photocatalysts with outstanding perfor-
mance and improved stability for the application in environmental
purification.

2. Experimental
2.1. Materials

All chemicals used in this experiment were analytical grade purity
without further purification. The ionic liquid [C;¢mim]Cl (1-hexadecyl-
3-methylimidazolium chloride) was purchased from Shanghai Chengjie
Chemical Co. Ltd.

2.2. Synthesis of the photocatalysts

NH,-MIL-125(Ti) was prepared by employing a facile one-pot pro-
cess and then activated by solvents (Supporting information). Pre-
paration of NH,-MIL-125(Ti)/BiOCl composite was described below
(Scheme 1): firstly, a given mass of NH,-MIL-125(Ti) and 0.48 g Bi
(NO3)3'5H,0 were added into 10 mL of 0.1 M mannitol solution and
marked as solution A. 0.34 g [C;,mim]Cl was added into 10 mL of 0.1 M
mannitol solution and marked as solution B. Solution B was mixed with
solution A by drops with vigorous stirring and then stirred for 1 h. Then
the suspension was transferred into 25 mL Teflon-lined autoclave and
heated at 140 °C for 24 h in oven. The precipitate was washed several

Applied Surface Science 466 (2019) 525-534

times with hot distilled water and alcohol. The composite was obtained
after drying at 60 °C for 24 h. The as-prepared NH,-MIL-125(Ti)/BiOCl
materials with 5 wt%, 10 wt% and 15 wt% loading amount of NH,-MIL-
125(Ti) were marked as NM/BOC-5, NM/BOC-10 and NM/BOC-15,
respectively. As a comparison, pure BiOCl was also prepared at the
same condition without the introduction of NH,-MIL-125(Ti).

2.3. Characterization

The crystalline structure of the materials was analyzed by X-ray
diffraction (XRD, Rigaku D/Max-2500, Japan). This process employed
Cu Ka radiation (A = 1.54056 A), a working current of 40 mA, a vol-
tage of 40kV, a scan speed of 5°min~?, and a scan range of 5-80°. The
morphology of the samples were observed via a transmission electron
microscopy (TEM, Tecnai G2 F30 S-Twin, FEI, USA) equipped with an
energy-dispersive X-ray spectrometry (EDS). X-ray photoelectron
spectroscopy (XPS) was employed to determine its chemical composi-
tion. A UV-3600 UV-vis diffuse reflectance spectrometer (Shimadzu,
Japan) was utilized to determine the absorption properties of light for
the samples. BaSO4 powder was used as the substrate material, and the
wavelength coverage was from 200 to 800 nm. The fluorescence spectra
was analyzed through fluorescence spectrometry (QuantaMaster 40,
Horiba, Japan). N, adsorption-desorption instrument (TristarIl 3020,
USA) was used to measure the specific surface area and the pore
structure of the samples. Thermal gravimetric analysis curves (TGA)
were recorded on a thermal analyzer (TGA7, Perkin Elmer, USA) with a
heating rate of 10 °C min~ ! under nitrogen atmosphere. Raman spectra
was measured by a Raman spectrometer (LabRAM HR Evolution,
Horiba Instrument Inc., USA).

2.4. Evaluation of photocatalytic activity

The degradation of organic contaminants was conducted in a pho-
tocatalytic reactor with a reaction temperature of 30 = 2°C; TC and
BPA acted as model pollutants. A 250 W Xe lamp with 400 nm cutoff
filter simulated the solar light. During the photocatalytic tests, 0.05 g of
samples were dispersed into aqueous solutions of TC (100 mL,
20mgL~') and BPA (100 mL, 10 mg L™ 1). The suspensions were stirred
for 1 h in the darkness to achieve the adsorption-desorption equilibrium
between the organic pollutants and catalysts. When the light source was
turned on, 4 mL of the reaction solution was sampled at set intervals.
The nanoparticles were removed from the resulting solution via the
high-speed centrifugation. The concentration of TC was measured by
monitoring its characteristic absorption at around 357 nm. BPA was
quantified with a high-performance liquid chromatography system
(Shimadzu Corp, Kyoto, Japan), which consists of an Aglient TC-C (18)
column, an ultraviolet detector at 230 nm, and two Varian Prostar 210
pumps. The mobile phase was composed of methanol/water = 75:25
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Scheme 1. Schematic illustration of the formation process for NH,-MIL-125(Ti)/BiOCl composite.
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(v/v). And the flow rate was 1 mL min ™. 20 pL of the pollutant solution
was injected.

2.5. Radical-trapping experiments

Reactive species trapping experiments were conducted to explore
the main active species in the photocatalytic process. Nitrogen (Ns),
ammonium oxalate (AO), tert-butanol (t-BuOH) and isopropyl alcohol
(IPA) were employed as superoxide radicals (O," ~), holes (h*) and
hydroxyl radicals ("OH) scavengers, respectively. During the photo-
catalytic tests, 0.05 g of the materials and 1 mM scavengers were added
into 100 mL, 20 mg L~ ! TC solution. After being stirred for 1h in the
darkness to ensure sufficient adsorption/desorption equilibrium, the
suspensions were collected by centrifugation at every 30 min intervals
after visible-light irradiation. The ESR spectrometer was conducted to
further trap radicals by spin-trap reagent 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) in water and methanol solution on a JES-FA 200 spec-
trometer (Bruker, Germany).

2.6. Photoelectrochemical measurements

An electrochemical work station (CHI 660B) was used to explore the
photoelectrochemical properties of the materials. 5mg samples were
added into 1 mL of ethylene glycol and ultrasonicated for 1h, 20 pL of
the mixture solution was dropped on the ITO glass (0.5cm X 1 cm, the
conductive side) and dried at 100 °C for 12 h. A standard three electrode
system was employed to record the photocurrents and electrochemical
impedance spectra (EIS), which consists of working electrode (an ITO
slice), counter electrode (a Pt wire) and reference electrode (a saturated
Ag/AgCl).

3. Results and discussion

The crystal structure of the as-prepared materials was determined
by XRD (Fig. 1). The obtained BiOCl displays a tetragonal phase (JCPDS
card No. 06-0249) with well indexed (001), (101), (110), (102),
(003),(112),(200), (201), (113),(211),(212), (114, (220),
(214), (302) crystal planes [34]. The intense and sharp diffraction
peaks demonstrate the highly crystalline. The XRD spectrum of NH,-
MIL-125(Ti) are consistent with the literature [35], which confirms the
successful preparation of NH,-MIL-125(Ti). After the incorporation of
NH,-MIL-125(Ti), all the diffraction peaks of the composite are nearly
identical to those of pure BiOCl. No characteristic peaks of MOF can be
detected, which may be ascribed to the high dispersion and low amount
of MOF in the composite. Similar phenomenon can be observed in other
systems [35,36].

NH,-MIL-125(Ti)

NM/BOC-15

(110)
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-
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Fig. 1. XRD patterns of the as-prepared NH,-MIL-125(Ti), BiOCl and NH,-MIL-
125(Ti)/BiOCl samples.
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The chemical state and surface composition of the composite was
investigated by XPS measurements. Fig. 2a displays a typical scan of
NH,-MIL-125(Ti)/BiOCl sample, which demonstrates that the Bi, Ti, C,
O, Cl and N elements coexist in the composite. Fig. 2b displays the high-
resolution XPS spectrum of Bi 4f. The peaks with binding energies at
around 159.4 and 164.6 eV can be ascribed to Bi 4f7/2 and Bi 4f5/2 of
Bi®* in BiOCI [37]. The O 1s peak centered at 530.2 eV is assigned to
the oxygen in BiOCI (Fig. 2¢). In Fig. 2d, the double peaks located at
198.2 and 199.8eV can be owing to the Cl 2p3/2 and Cl 2p1/2 of
chloride ion [37]. The high-resolution XPS spectrum of C 1s (Fig. 2e)
can be split into four distinct peaks, attributed to C=0 (288.8 eV), C—C
(286.6eV), C—N (285.3eV) and C=C (284.6 eV) of NH,-MIL-125(Ti)
[38]. The high-resolution spectra of Ti 2p further proves the existence
of NH,-MIL-125(Ti) in the composite (Fig. 2f). The two well-defined
peaks at the binding energies of 465.0 eV and 459.2 eV can be attrib-
uted to Ti 2p1/2 and Ti 2p3/2, which show that titanium bonded to
oxygen remain in oxidation state IV [38]. Notably, the peak of Ti 2p1/2
displays a broad bump, which can be explained by the overlap between
Bi 4d3/2 at 466.6 eV and Ti 2pl/2 at 465.0 eV [35,39]. The high-re-
solution XPS spectrum (Fig. 2g) of N 1s indicates the existence of N
element. These pieces of evidence confirm the co-existence of BiOCI and
MOF in the composite.

Infrared and Raman analysis were conducted to further demonstrate
the interaction between MOF and BiOCl in the composite. In Fig. 3a, a
sharp peak at around 525cm ™! is attributed to the Bi-O stretching
mode [9]. The absorption band appears at 1463 cm ™! is designated to
the stretching vibration of carboxylate group of NH,-MIL-125(Ti) (Fig.
S1) and NH,-MIL-125(Ti)/BiOCl composite [35]. The Raman spectra of
BiOCl and NM/BOC-10 are shown in Fig. 3b. For BiOCl, the Raman
peaks at around 60.6 cm ™' and 142.4 cm ™! belong to internal Ay and
external A;, of Bi—Cl stretching vibration. The band at 199.2cm ™! can
be ascribed to E, inherent Bi—Cl stretching mode [40]. After the in-
corporation of MOF, the bands at 142.4cm ™' and 199.2 cm ™! show a
slight blue-shift compared to BiOCl. This demonstrates that NH,-MIL-
125(Ti) is coordinated with BiOCl host via chemical bonds, not just a
simple mixture of two samples [34]. These results are in concordance
with the XPS data.

To explore the content of MOF in the composite, thermogravimetric
analysis was conducted from 30°C to 800 °C under nitrogen atmo-
sphere. As depicted in Fig. S2, BiOCI displays a rapid decomposition
between 500 °C and 700 °C. As for NM/BOC-10, the weight loss be-
tween 500 °C and 700 °C significantly increases. This is not only because
of the loss of BiOCl, but also result from the themolysis of NH,-MIL-
125(Ti). Collapse of the framework of NH,-MIL-125(Ti) between 500 °C
and 600 °C, as a result of the decomposition of NH,-MIL-125(Ti) into
thermostable TiO5 [35]. Through the TGA curves, the content of MOF
in NM/BOC-10 is found to be about 10 wt%.

The samples’ morphology was examined by SEM and TEM. In Fig.
S5, the size of the obtained BiOCl nanosheets is less than 100 nm. In Fig.
S3, NH,-MIL-125(Ti) sample displays an inerratic bulk structure shape
with the size range at 100-500 nm. It can be observed that BiOCl na-
nosheets aggregate on outer surface of MOF. The TEM images of NM/
BOC-10 show that BiOCl nanosheets are well attached on the surface of
MOF (Fig. 4a and b). The HRTEM image of NM/BOC-10 shown in
Fig. 4c presents clearly lattice fringes with spacing of 0.344 nm and
0.275nm, corresponding to the tetragonal phase BiOCl (001) and
(110) planes [9,37]. The EDX spectrum (Fig. 4d) and EDX element
mapping of NM/BOC-10 (Fig. S4) demonstrate the presence of Bi, C, N,
O, Cl and Ti elements in the composite. Based on these characteriza-
tions, it can be concluded that the heterojunction structure is formed,
which is supposed to improve the separation and transfer efficiency of
photoinduced charge carriers.

The porous structure and specific surface area of the prepared ma-
terials were studied by nitrogen adsorption-desorption analysis, and the
results were displayed in Fig. 5 and Fig. S6. The BET specific surface
area of bare NH,-MIL-125(Ti) is found to be 769.70m?g~?, which
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Fig. 2. XPS spectra of NM/BOC-10 sample (a) Survey of the sample, (b) Bi 4f, (c) O 1s, (d) Cl 2p, (e) C 1s, (f) Ti 2p, (g) N 1s.

agrees with the previous reports [35,38]. For pure BiOCl, the corre- adsorption of TC reached equilibrium at around 60 min. As the amount
sponding value is 29.41 m?g~'. The specific surface area of the com- of MOF rises, the adsorption capacity of TC improves, which is in
posite grows significantly with the increasing amount of MOF. The consistent with the BET specific surface area.

surface adsorption of organic contaminants on the photocatalyst acts as The photocatalytic activities of the obtained composite were first
a key factor in photocatalytic performance [41]. Hence, the adsorption evaluated via the photocatalytic degradation of TC under visible light

experiment was carried out to verify this finding. In Fig. S7, the irradiation. Single BiOCl and NH,-MIL-125(Ti) were also employed for
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Fig. 3. (a) FT-IR spectra of BiOCl and NH,-MIL-125(Ti)/BiOCl samples, and (b) Raman spectra of BiOCl and NM/BOC-10.

comparison. As shown in Fig. 6a, self-photodegradation of TC is ignored
without any photocatalyst. Only about 5% degradation occurs with
single NH,-MIL-125(Ti), while nearly 40% degradation occurs in the
presence of BiOCl during 2 h of visible light irradiation. It is suggested
that oxygen vacancy could slightly broaden the absorption region in
others’ study [42]. To verify this assumption, the low-temperature
electron paramagnetic resonance (EPR) spectroscopy was carried out.
As shown in Fig. S8, BiOCl sample turns out to possess a typical signal
centered at g = 2.001, due to the electrons trapped on the oxygen va-
cancies [43]. After the incorporation of MOF, NM/BOC-10 presents a

much higher degradation efficiency (~78%) than that of single BiOCl
or MOF via a pseudo first-order kinetic reaction (Fig. 6b and c). It is
probably attributed to that MOF contributes to the separation of pho-
toinduced charge carriers, which enhance the degradation efficiency of
TC by the interface contact between BiOCl and MOF [44]. Obviously,
NM/BOC-10 displays the highest degradation efficiency at a rate con-
stant of 0.0141 min ~ !, which is about 3.5 times and 35 times as that of
BiOCl (0.004 min™!) and MOF (0.0004 min~!). Hence, NM/BOC-10
serves as the optimal photocatalyst in the follow-up experiments.
Nevertheless, as the loading amount of MOF increases to 15%, the

Intensity (a.u.)'
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15
Energy (keV)

20 25 30 35 40

Fig. 4. TEM images of (a) (b) NM/BOC-10, (c) HRTEM image of NM/BOC-10, and (d) EDX spectrum of NM/BOC-10.
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Fig. 7. (a) Photocatalytic degradation of BPA in the presence of BiOCl and NM/BOC-10 under visible light irradiation, (b) plots of -In(C/C,) versus irradiation time

and reaction rate constant k obtained from linear fitting.

photocatalytic efficiency of NM/BOC-15 declines, despite the im-
provement in adsorption capacity of NM/BOC-15 (Fig. S7). One pos-
sible reason could be that the improved amount of MOF overlay the
active sites of BiOCl, which in turn reduce the degradation efficiency
[45]. Total organic carbon (TOC) experiment was also conducted to
investigate the degradation of TC by NM/BOC-10 (Fig. 6d). Under ir-
radiation for 2h, almost 45.2% of TC is mineralized. It implies that TC
can be degraded by the composite photocatalyst under visible light ir-
radiation.

Bisphenol A (BPA), a raw material in chemical engineering, has
been extensively produced and used. Nevertheless, studies revealed that
the surplus of BPA in the environment may cause endocrine disorders
and pose threat to the health of children and fetus [46]. Therefore, the
removal of BPA has become a popular area of research. Fig. 7a displays
the degradation curves of BPA over BiOCl and NM/BOC-10. After 4 h,
nearly 65% of BPA was removed over NM/BOC-10, while the de-
gradation efficiency of pure BiOCI was only 48%. As a result, NM/BOC-
10 possesses better photocatalytic activity (Fig. 7b). The results above
indicate that the incorporation of NH,-MIL-125(Ti) acts as an important
role in enhancing photocatalytic performance under visible light.

It is well established that the stability of the photocatalyst is ex-
tremely important during the photodegradation reaction process. As
depicted in Fig. S9, the photodegradation rate of TC does not decline
greatly after five cycles under visible light irradiation, indicating that
the as-prepared material is stable, and promising in large-scale appli-
cation. Moreover, the XRD pattern of the used sample after the cycling
experiment was conducted to confirm the stability of the photocatalyst.
In Fig. S10, no obvious discrepancy is observed. The composite exhibits
high stability and does not change in the crystal structure.

The optical properties of the as-prepared samples were analyzed by
UV-vis diffuse reflectance spectra (DRS), and the data was presented in
Fig. 8a. Pure BiOCl displays a typical DRS as reported in other litera-
tures [34,37], with an absorption edge around 380 nm, corresponding
to the optical bandgap of 3.31eV (Fig. S11). Meanwhile, NH,-MIL-
125(Ti) possesses a bandgap of approximately 2.60eV with the ab-
sorption edge of 520 nm. After the incorporation of MOF, it is inter-
esting to find that the composite demonstrates more intense absorption
in visible light. The enhanced optical absorption allows NH,-MIL-
125(Ti)/BiOCl composite to harvest more visible light and generate
more reactive species involved in the photocatalytic reaction [47]. It is
impressive that the photocatalytic performance of BiOCl is remarkably
improved after the combination of MOF.

As is known to all, photoluminescence (PL) is widely employed to
investigate the separation and transfer efficiency of photoexcited elec-
tron-hole pairs, since the charge recombination leads to the enhance-
ment of PL emission signal. In Fig. 8b, as compared with pure BiOClI,
NM/BOC-10 displays lower emission peak at around 360 nm. It implies
that the high charge recombination is effectively inhibited after the
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incorporation of MOF. But the lower PL emission peak of NH,-MIL-
125(Ti) is not in consistent with the photocatalytic performance. The
results indicate that PL is not the only way to prove the photocatalytic
activity [35].

Electrochemical performance is another measurement for evalu-
ating the separation and transfer efficiency of photoinduced charge
carriers in the photocatalytic system. The transient photocurrent re-
sponses of the materials were recorded under visible light irradiation
and the results were shown in Fig. 8c. The photocurrent responses of
the materials remain reproducible after four intermittent on-off irra-
diation cycles. And NM/BOC-10 displays the highest photocurrent
density, demonstrating lower recombination and longer lifetime of
photoexcited electron-hole pairs than pure BiOCl or NH,-MIL-125(Ti).
It also shows that the separation efficiency of photogenerated carriers
can be enhanced with the introducing of MOF [35]. Moreover, EIS was
performed to further explore the charge transfer properties of the as-
prepared samples. As depicted in Fig. 8d, NM/BOC-10 shows the
smallest arc radius in comparison with other materials. It has much
lower electron-transfer resistance than BiOCl or NH,-MIL-125(Ti), re-
sulting in higher charge separation efficiency [44]. It is evident that the
incorporation of NH,-MIL-125(Ti) is able to improve the absorption
capacity of visible light, charge separation efficiency and eventually the
photocatalytic performance.

With the goal to achieve a better understanding of the photo-
catalytic mechanism of NH,-MIL-125(Ti)/BiOCl composite, the radical-
trapping experiments were conducted by adding individual scavengers
in the degradation experiments. Isopropanol (IPA) and tert-butanol
were used for quenching hydroxyl radicals ('OH), nitrogen (N,) for
superoxide radicals (05"~ ), and ammonium oxalate (AO) for holes,
respectively [37,41]. As shown in Fig. 9, the photocatalytic perfor-
mance is inhibited significantly after the introduction of N, or AO,
while the addition of IPA or tert-butanol exerts little influence on the
photocatalytic activity. It is assumed that O, ~ and holes act as the
major active species in the photocatalytic reaction, whereas "OH does
not behave as the main reactive species. Therefore, the promoted
generation of holes and O,"~ could ultimately enhance the photo-
catalytic performance.

In order to verify the generation of O,"~ in the photocatalytic
system, the ESR spin-trap technique was introduced in this study. In
Fig. 10a, the intensity of the DMPO-O," ~ adducts can be neglected in
the dark, but it becomes stronger after the irradiation of visible light,
showing that O,” ~ acts as an important role during the photocatalytic
reaction. Additionally, the O,  ~ signal intensity of NM/BOC-10 is
obviously stronger than that of BiOCI alone. It implies that the amount
of O," ™ radicals generated on the surface of NM/BOC-10 is higher than
that of BiOCl under the irradiation of visible light. Nevertheless, the
characteristic peaks of DMPO-'OH adducts for both BiOCl and NM/
BOC-10 cannot be observed under visible light irradiation (Fig. 10b).
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The ESR results validate that holes and O, ~ participate in the pho-
tocatalytic reaction, which is in accord with the radical-trapping ex-
periments.

It is well known that the band alignment is critical for hetero-
structure photocatalyst with high photocatalyst ability. The XPS va-
lence band (VB) spectra was carried out to identify the band position of
BiOCl and NH,-MIL-125(Ti). In Fig. 11, the position of valence band is
measured to be 1.35 eV for BiOCl material by XPS VB spectra. While the
HOMO (Highest Occupied Molecular Orbital) of NH,-MIL-125(Ti) is
measured to be 2.15 eV. Based on the bandgap value acquired by DRS
analysis (Fig. S11), the conduction band (CB) energy levels of the two
samples can be estimated by Ecg = Evg — E,. The conduction band of
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BiOCl is approximately —1.96 eV, while the LUMO (Lowest Occupied
Molecular Orbital) of NH,-MIL-125(Ti) is calculated to be —0.62eV.

Combining all the results shown above, a plausible photocatalytic
mechanism for the composite is presented (Fig. 12). When the visible
light irradiates, the electrons in the VB of BiOCl can be excited and
transferred to the CB, leaving the holes in the VB. However, the pho-
toexcited electrons quickly recombine with the holes, which is not
preferred in the photocatalytic system. After the incorporation of NH,-
MIL-125(Ti), the LUMO of NH,-MIL-125(Ti) is about —0.45 eV, which
is much higher than that of BiOCI (—1.96 eV). Hence, the photoexcited
electrons could transfer from the CB of BiOCl to the LUMO of NH,-MIL-
125(Ti). In contrast, the HOMO of NH,-MIL-125(Ti) (+2.02eV) is
much higher than that of BiOCl (+1.35eV). As a result, the photo-
generated holes could migrate from the HOMO of NH,-MIL-125(Ti) to
that of BiOCl. Therefore, the photoinduced charge carriers can be
transferred efficiently in the photocatalytic system, leading to a sig-
nificantly enhanced photocatalytic performance.

4. Conclusions

In summary, we prepared NH,-MIL-125(Ti)/BiOCl composite pho-
tocatalyst through a simple hydrothermal process. The enhanced
visible-light photocatalytic activity of BiOCl was achieved by in-
corporating NH,-MIL-125(Ti). Meanwhile, matching energy level
structures could accelerate the separation efficiency of photoinduced
charge carriers. In addition, the large internal surface area of NH,-MIL-
125(Ti) enables the composite to adsorb more contaminants and re-
active species, promoting the photocatalytic activity. Consequently, the
composite displayed improved photocatalytic performance on TC and
BPA degradation. Both O," ~ and holes were determined to be the main
reactive species via radical-trapping experiments, XPS, VB spectra and
ESR analysis. Last but by no mean the least, the favorable durability and
stability of NH,-MIL-125(Ti)/BiOCl composite makes it a promising
photocatalyst in environmental purification.
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