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ABSTRACT: TiO, has been widely used in photodegradation of pollutants, but it
suffers from inferior photocatalytic performance under solar light illumination. Thus,
novel porous ZnTiO;/TiO, heterostructured photocatalysts are constructed by
hydrothermal and carbonization techniques using ZIF-8 as a sacrificial template. After 3 .
coating with TiO,, ZIF-8 nanocubes are selectively etched and subsequently . [
coprecipitated with Ti ions during the hydrothermal process. Thereafter, the pores g
generated from carbonized ZIF-8 provide a large specific surface area and abundant i ' 4F
active reaction sites for photocatalysis after annealing, producing stable ZnTiO;/TiO, o
nanocomposites. Thus, porous ZnTiO;/TiO, heterostructured photocatalysts exhibit
excellent photocatalytic performance under solar light irradiation due to the boosted
electron—hole separation/transfer. The kinetic constant of ZnTiO;/TiO, nano-
composites (4.66 X 10~ min~") is almost 100 and 3.7 times higher than that of self-
degradation (4.69 X 107 min™') and TiO, (1.27 X 10~ min™"), respectively. This
facile strategy provides a deep insight into synthesizing heterostructured photocatalysts
with high efficiency in the field of environmental remediation.
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1. INTRODUCTION efficiency of solar light and suppress the recombination of
electrons/hole pairs by building an internal electric field at the
heterojunction interface.””>* The perovskite-typed materials
(ABO;) have become much more popular due to their
superior photocatalytic activity under both UV and visible light

Environmental problems, especially water pollution, have
threatened the health of humans and organisms. Recently,
semiconductor photocatalysis technology exhibits potential
prospects in solving these environmental pollution prob-

lems."™ Titanium dioxide (TiO,), discovered by Fujishima irradiation.”* > Their structure is very stable and flexible by
and Honda in 1972 for water splitting,” has been attracted varying the composition of A and B sites to optimize the
numerous interests and considered as one of the most electronic and catalytic P1'013f31'ties-26_28 Among them, zinc
promising photocatalysts candidates for organic pollutants titanate (ZnTiO;) is one of the most promising photocatalysts
degradation when compared to other semiconductors due to to be applied in the degradation of pollutants and water
the strong oxidation property, long-term photostability, splitting, which is considered as an ideal candidate to couple
environmental friendliness, and low cost.”® However, the with TiO, for improving the photocatalytic performance of
photocatalytic activity of TiO, is limited by two main inherent TiO, via creation of heterojunctions.

shortcomings. The band gap of TiO, is wide (anatase: 3.2 eV, From a materials perspective, metal—organic frameworks
rutile: 3.0 eV); meanwhile, its spectral response range is very (MOFs), consisting of metal ions and organic poly complex
narrow. Therefore, photocatalysis can be activated only under linkers, have been widely used in gas adsorption/separation,

UV light irradiation, exhibiting low photocatalytic activity
under visible light illumination.”™'? Besides, the recombination
of photogenerated electron/hole pairs leads to low quantum

efficiency, which greatly decreases its photocatalytic perform-
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water remediation, drug delivery, energy storage, and
conversion because of the large specific surface area, tunable

ance.

In order to overcome these challenges, doping with metal/
nonmetal elements, or compositing TiO, with metal, non-
metal, and other semiconductors are effective ways to improve
the photocatalytic activity.'°”"* Constructing heterojunctions
is regarded as an effective way to improve the utilization
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functionalities, homogeneous pore size, and chemical stabil-
ity.””~*' Meanwhile, MOFs have been demonstrated that they
can act as precursors or template materials for the fabrication
of other desirable novel nanomaterials and porous nano-
structured materials.**~>* For example, Co-based nanoparticles
encapsulated in a hollow N-doped carbon matrix were
developed by pyrolysis and an oxidation strategy by using
ZIF-67 as a precursor. Benefiting from the synergetic effects of
its abundant oxygen vacancies, nitrogen-doped carbon as well
as the efficient mass transfer of hollow structures, the optimal
samples exhibited high activity toward oxygen reduction and
evolution reactions.”™ Besides, the Z-scheme Co,Ss/CdS
heterostructure was fabricated by sulfidation of the ZIF-67
precursor. These MOF-derived heterostructured composites
delivered a high photocatalytic H, evolution efficiency of
10,321 pmol g~' h™" and 99.9% selectivity to benzyl-alcohol
oxidation.*® Overall, MOF-derived nanoporous catalysts have
been successfully constructed and applied in various fields
ranging from environmental remediation to energy storage and
774 Therefore, we hypothesize that rational
construction of ZnTiO;/TiO, heterostructures via using ZIF-
8 as a template can further improve the photocatalytic activity
under solar light due to the improved separation and transfer
of photogenerated carriers, along with low recombination rate.
Herein, we have developed a facile synthetic strategy to
construct porous ZnTiO;/TiO, composited photocatalysts
with heterojunctions via a combination method of precip-
itation, hydrothermal, and carbonization technique using ZIF-8
as a sacrificial template. Core—shell ZIF-8@TiO, composites
were fabricated via a precipitation method. After the
hydrothermal process, ZIF-8 nanocubes were selectively
etched and replaced by Ti ions. Subsequently, porous
ZnTiO;3/TiO, composited photocatalysts with large specific
surface area and abundant active reaction sites were achieved
after heat treatment. Thus, porous ZnTiO;/TiO, composited
photocatalysts displayed superior photocatalytic performance
due to the suppressed recombination of electron/hole pairs
and widened visible light adsorption range via formation of
heterojunctions. Obviously, the kinetic constant of ZnTiO;/
TiO, nanocomposites (4.66 X 107" min™") is almost 100 and
3.7 times higher than that of self-degradation (4.69 x 1073
min~") and TiO, (1.27 X 107" min™"), respectively. This facile
strategy opens a new way of designing efficient heterogeneous
semiconductor photocatalysts in water remediation.

conversion.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Core—Shell ZIF-8@TiO, Composites.
Synthesis of zeolitic imidazolate framework-8 (ZIF-8): 1.4848
g of 2-methylimidazole and 9 mg of cetyltrimethylammonium
bromide (CTAB) were dissolved in 10 mL of methanol to
obtain solution A. Meanwhile, 0.6325 g of zinc nitrate
hexahydrate was dissolved in 30 mL of methanol to obtain
solution B. Then, solution A was poured into solution B with
stirring at 500 rpm for 12 h. Finally, ZIF-8 was achieved by
repeated washing with methanol and centrifugation three
times.

Synthesis of core—shell ZIF-8@TiO, composites: ZIF-8 was
dispersed in 100 mL of ethanol under ultrasonication for 20
min. Then, 0.3042 g of hexadecylamine and 0.65 mL of
ammonia were poured into ZIF-8 solution with stirring for 10
min. Subsequently, 1.13 mL of tetraisopropyl orthotitanate was
added into the above solution with stirring for 60 min. Finally,
core—shell ZIF-8@TiO, composites were obtained via

washing, centrifugation and freeze-drying. For comparison,
TiO, was achieved by the same method without adding ZIF-8.

2.2. Synthesis of Porous ZnTiO;3/TiO, Composited
Photocatalysts. 0.5 g portion of ZIF-8@TiO, composites
was dissolved in 30 mL of deionized water, and then the
mixture was put into a S0 mL stainless steel autoclave, which
was kept at 180 °C for 24 h in an electrical oven. After that, the
product is centrifuged with ethanol three times, which was
defined as H-ZIF-8@TiO,. Finally, porous ZnTiO,;/TiO,
composites are achieved by annealing the product in an Ar
atmosphere at different temperatures (350, 500, 650, and 800
°C) for § h. Pure ZIF-8 and TiO, also underwent the same
hydrothermal process, which was named as H-ZIF-8 and H-
TiO,.

2.3. Characterizations. The morphology of as-prepared
samples are investigated by field emission scanning electron
microscopy (FESEM, ZEISS Gemini 300) and transmission
electron microscopy (TEM, JEOL JEM-2100HR). An energy-
dispersive X-ray (EDX) spectrometer fitted to TEM is used for
elemental and structural analysis. The structure of the sample
is characterized by X-ray diffractometer (XRD, Rigaku Ultima
IV), and the chemical composition of the sample was analyzed
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha*). With BaSO, as the reference, the UV—visible
diffuse reflectance spectrum (UV—vis DRS) of the nano-
composite film was characterized by a Shimadzu UV-2600
spectrophotometer in the range of 200—800 nm.

2.4. Photocatalytic Measurements. The activity of
photocatalytic degradation of MB (20 mg/L) was investigated.
0.1 g of powder was put into 30 mL of MB solution and placed
in the dark for a period of time. The adsorption performance
was tested every 30 min until an adsorption—desorption
equilibrium was reached. Under solar light (xenon lamp, 1000
W) irradiation, the supernatant was taken at regular intervals
and determined by a UV—vis DRS spectrophotometer. The
focused incident light intensity was ca. 100 mW cm ™2 The
content of residual MB was determined by universal analysis of
a Shimadzu UV-2600.

3. RESULTS AND DISCUSSION

The schematic illustration for constructing ZnTiO;/TiO,
heterostructured photocatalysts is displayed in Figure I.

</-<>--<>

ZIF-8 ZIF-8@TiO, ZnTiOy/TiO,

Figure 1. Schematic illustration for the fabrication process of MOF-
derived porous ZnTiO;/TiO, heterostructured photocatalysts: (I)
uniform TiO, coating; (II) template removal by hydrothermal
treatment; (III) formation of ZnTiO,/TiO, heterostructures via
annealing in an Ar atmosphere.

First, uniform polyhedra ZIF-8 nanoparticles were fabricated
as templates. Second, ZIF-8 were uniformly encapsulated by
TiO, via a kinetic-controlled deposition method, generating
core—shell ZIF-8/TiO, nanocomposites. Third, zinc titanium
composites with hollow structures were achieved via Ostwald
ripening process after hydrothermal treatment, where ZIF-8
was selectively etched and subsequently coprecipitated with Ti
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Figure 2. (a) SEM images of core—shell ZIF-8@TiO,; (b) SEM and (d) TEM images of ZIF-8@TiO, after hydrothermal process. (c) SEM, (e)
TEM images, and (f) EDX mapping spectra of ZnTiO;/TiO, heterostructured composites annealed at 650 °C in an Ar atmosphere.

ions. Finally, porous ZnTiO;/TiO, heterostructured photo-
catalysts were obtained via calcining in an Ar atmosphere.

Obviously, the surface of pure polyhedra of ZIF-8 was
smooth. After coprecipitation reaction, ZIF-8 nanoparticles
tended to aggregate to form bigger peanut-shaped particles
with the size ranging from 100 to 260 nm, which were
uniformly encapsulated by TiO, deposition layer (Figure 2a).
After hydrothermal process, hollow porous zinc titanium
composites were achieved, which were selectively etched and
substituted by Ti ions (Figure 2b,d). Meanwhile, the surface of
the composites become rough, and some nanoparticles change
into octahedral shapes owing to the Ostwald ripening process.
Besides, the ZnTiO;/TiO, composited photocatalysts exhibit
the similar morphology after annealing in an Ar atmosphere
(Figure 2c). The hollow structure of ZnTiO;/TiO, composites
was distinctly displayed in the TEM image (Figure 2e).
Furthermore, the elemental mapping images revealed that Ti,
Zn and O elements were uniformly dispersed on the surface of
the ZnTiO;/TiO, composites, indicating successful synthesis
of ZnTiO;/TiO, heterostructures (Figure 2f).

In addition, SEM images of ZIF-8 and TiO, before and after
the hydrothermal process are displayed in Figure 3. The
surface of pure polyhedra ZIF-8 was smooth, and the diameter
was ~90 nm before hydrothermal treatment (Figure 3a). After
hydrothermal treatment, the shape of polyhedra ZIF-8 changed
into nanorods with lengths of 200—400 nm (Figure 3b). It may
be attributed to that under high temperature and pressure,
ZIF-8 with smaller particle size was dissolved and recrystallized
to form new nanorod shapes due to the Ostwald ripening
effect.”’ Meanwhile, the influence of the hydrothermal process
on TiO, was also conducted. Before hydrothermal treatment,
TiO, exhibited a spherical structure with a diameter of about
450—600 nm and the surface was relatively smooth (Figure
3c). While after hydrothermal treatment, the spherical
structure remained unchanged, but the surface became rougher
(Figure 3d). Meanwhile, it can be seen that the sphere itself
was composed of extremely small TiO, nanoparticles with
seize of ~10 nm on its surface. In addition, the effect of
annealing temperature on ZnTiO;/TiO, heterostructured

Figure 3. SEM images of (a,b) ZIF-8 and (c,d) TiO, before and after
the hydrothermal process.

composites has also been also investigated. When increasing
the annealing temperature from 350 to 650 °C, ZnTiO;/TiO,
heterostructured photocatalysts still maintained the original
morphology (Figure Sla—c). However, elevating the annealing
temperature to 800 °C leaded to the total collapse of the
octahedral structure, decreasing the specific surface area
(Figure S1d).

XRD spectra of ZIF-8, TiO,, and core—shell ZIF-8@TiO,
nanocomposites before and after the hydrothermal process are
shown in Figure 4. The representative peaks at 10.4°, 12.7°,
14.8°, 16.4°, and 18.0° corresponded to the (002), (112),
(022), (013), and (222) crystal planes of ZIF-8."* As for pure
TiO,, no existence of peaks for TiO, indicated the amorphous
properties of TiO,. Meanwhile, after TiO, deposition, the
intensity of ZIF-8 representative peaks decreased, and there
were no peaks for TiO,, indicating successful synthesis of
core—shell ZIF-8@TiO,. While after the hydrothermal
process, the new diffraction peaks at 31.8° 34.4° and 36.3°
were related to ZnO (79-2205), indicating that ZIF-8 gradually
transforms into ZnO during the hydrothermal process (Figure
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Figure 4. XRD spectrum of ZIF-8, pure TiO,, ZIF-8@TiO,, and
ZnTiO;/TiO, heterostructured photocatalysts.

S2). Furthermore, after calcining in Ar at 650 °C for S h, there
appeared representative peaks for anatase TiO,. The diffraction
peaks at 25.3° 37.8°, and 48.0° belong to the (101), (004),
and (200) crystal planes of anatase TiO, (JCPDS 21-
1272).43’44 Meanwhile, the diffraction peak at 30.0°, 35.4,°
and 56.9° corresponds to cubic ZnTiOj, verifying construction
of ZnTiO;/TiO, heterojunctions.*>*® Furthermore, the effect
of the annealing temperature on the structure of ZnTiO;/TiO,
nanocomposites has been studied. It could be observed that
there were only diffraction peaks of anatase TiO, at 350 and
500 °C (Figure S3). When increasing the annealing from 650
to 800 °C, the diffraction peaks at 14.9°, 23.6°, 26.0° and 43.0°
were related to cubic ZnTiO;, while the diffraction peaks at
32.8° 40.5° and 53.4° were related to hexagonal ZnTiO;.
N, adsorption—desorption isotherms of core—shell ZIF-8@
TiO, composites before and after hydrothermal process are
displayed in Figure 5. The specific surface area of ZIF-8 was
1139.5 m* ¢!, and the pore diameter was ~2 nm with a large
number of micropores (Figure S4), which was beneficial for
adsorption. Besides, the N, adsorption desorption isotherm of
ZIE-8@TiO, belonged to type IV and exhibited H, hysteresis
in the range of 0.5—0.9 for P/P,, indicating that ZIF-8@TiO,
has mesoporous structure (Figure 5a).47 ZIE-8@TiO,
exhibited a much smaller specific surface area of 75.2 m* g™
than ZIF-8, and the pore size distribution of is mainly at 10
nm, indicating that ZIF-8 were successfully wrapped by TiO,
shell and exhibited the similar porous properties to ZIF-8.

Similarly, ZIF-8@TiO, after hydrothermal process (H-ZIF-8@
TiO,) exhibited a much higher specific surface area of 219.2
m?® g~' than that of TiO,@ZIF-8 before hydrothermal process,
and the pore diameter is mainly located at 15—20 and 35—60
nm, indicating that H-ZIF-8@TiO, nanocomposites had
mesopores and macropores (Figure Sb). The differences
between TiO,@ZIF-8 and H-ZIF-8@TiO, composites were
attributed to the hydrothermal process, resulting in an interior
hollow structure and some polyhedral particles changing into
smaller octahedral particles, thus increasing the specific surface
area.

Figure 6a shows the UV—vis DRS absorption spectrum of
TiO, and ZnTiO;/TiO, heterostructured photocatalysts. TiO,
displayed high UV light absorption capability but exhibited low
visible light absorption capability, which was due to the large
band gap and fast recombination of photogenerated electron/
hole pairs. Compared with TiO,, the visible light absorption
region of ZnTiO;/TiO, nanocomposites was largely enhanced,
which was attributed to the strong visible-light sensitive
property of ZnTiO;. The band gap of these samples can be

calculated by the UV—vis DRS absorption spectrum and eq
1%

(ahv)* = A(hw — E,) 1)
where A is a constant, « is the optical absorption coefficient, h
is the Planck constant, v is the optical frequency, and E, is the
forbidden bandwidth of the material. The band gaps of TiO,
and ZnTiO;/TiO, heterostructured photocatalysts were
calculated as 3.2 and 2.7 eV, respectively. The lowest band
gap of ZnTiO;/TiO, indicated the higher photocatalytic
activity than pure TiO, due to the suppressed electron/holes
recombination and rapid transfer of charge carriers via
construction of ZnTiO;/TiO, heterostructures (Figure 6b).
The photocatalytic performance of TiO, and ZnTiO;/TiO,
nanocomposites for degradation of MB under solar light
irradiation is displayed in Figure 7. There were almost no
concentration changes for MB without the existence of
photocatalysts in the dark, and the degradation rate of MB
was lower than 10% under solar light irradiation. The
adsorption capacity of TiO, in 60 min could reach 7.5%,
while the ZnTiO;/TiO, nanocomposites could reach 39.4%
due to the better wettability to pollutants and high specific
surface area. After 5 min, the degradation efficiency of
ZnTiO;/TiO, nanocomposites was 91.2%, much higher than
that of TiO, (23.2%) (Figure 7a), indicating that the
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Figure S. (a) N, adsorption—desorption isotherms and (b) pore size distribution of core—shell TiO,@ZIF-8 composites before and after the
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Figure 7. (a) Photodegradation efficiency and (b) kinetic curves of MB self-degradation, TiO,, and ZnTiO;/TiO, nanocomposites under solar

light irradiation.

heterostructures improved the degradation efficiency of
ZnTiO;/TiO, photocatalysts toward MB under solar light
irradiation. After 30 min, the degradation efficiency of both
TiO, and ZnTiO;/TiO, nanocomposites toward MB was
approximately 100%. The pseudo-first-order kinetic was used
to study the photocatalytic degradation activity of MB, and the

formula was as follows™:

In(C,/C) = Kt (2)

where Cy, C, K, and T are the initial concentration of MB, the
residual concentration of MB in the solution, the pseudo-first-
order rate constant, and the illumination time t, respectively.
The pseudo-first-order kinetics of TiO, and ZnTiO;/TiO,
nanocomposites under solar light irradiation is shown in Figure
7b. ZnTiO;/TiO, nanocomposites had the highest photo-
degradation rate constant (4.66 X 107! min~"), which was
almost 100 and 3.7 times higher than that of self-degradation
(469 x 107 min™') and TiO, (1.27 X 107" min™),
respectively, which was attributed to the heterostructures
enhanced the photocatalytic performance due to the enhanced
visible light absorption capability and depressed electron/holes
recombination rate under solar light irradiation. ZnTiO;/TiO,
nanocomposites exhibited almost no removal efficiency decay
toward MB degradation even after S recycles (Figure SS).
What’s more, when annealed at 350 and 500 °C, the
photocatalytic degradation efliciency toward MO were 11.0
and 45.9%, respectively (Figure S6). ZnTiO;/TiO, nano-
composites annealed at 650 °C exhibited the highest
degradation rate toward MO, which was attributed to the
rapid electron/hole separation/transfer construction of
ZnTiO;/TiO, heterostructures. Meanwhile, when still increas-
ing the annealing temperature to 800 °C, ZnTiO;/TiO,
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nanocomposites annealed 800 °C exhibited decreased photo-
catalytic activity than that of ZnTiO;/TiO, nanocomposites
annealed at 650 °C, which may be due to the destroyed
structures and decreased specific surface area.

The electron—hole separation/transfer process in the
ZnTiO;3/TiO, nanocomposites is shown in Figure 8. In the
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Figure 8. Proposed schematic illustration of electron—hole separa-
tion/transfer and photocatalytic degradation mechanism over
ZnTiO3/TiO, heterojunctions.

heterostructure, electrons transferred from TiO, to ZnTiO,
because of the higher Fermi level of TiO,. The Fermi level
alignment will cause the band edges of TiO, and ZnTiOj; to
shift downward and upward, respectively, until their Fermi
levels reaching equilibrium. At the equilibrium heterojunction,
TiO, had a positive charge, while ZnTiO; had a negative
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charge, thus, creating an opposing electric field (£) at the
interface.”””' Therefore, during the process of photocatalysis,
due to the influence of the electric field, the photogenerated
electrons can diffuse to the conduction band of ZnTiO;, and
the holes can move to the valence band of TiO,, suppressing
the recombination of electrons and holes, thus enhancing the
photocatalytic efficiency under solar light irradiation.

4. CONCLUSIONS

In conclusion, we have successfully constructed ZnTiO;/TiO,
heterostructured photocatalysts by hydrothermal and carbon-
ization techniques using ZIF-8 as a sacrificial template.
Heterostructured ZnTiO;/TiO, nanocomposites exhibit ex-
cellent photocatalytic performance under solar light irradiation
due to the rapid separation and transfer of photogenerated
charge carriers and broadened visible light absorption region.
The kinetic constants of ZnTiO;/TiO, nanocomposites are
4.66 X 107" min™' under solar light irradiation, which was
much higher than that of self-degradation (4.69 X 107> min™")
and TiO, (1.27 x 107" min~"). Thus, this novel strategy
provides a deep insight into designing advanced heterogeneous
semiconductor catalysts in the field of water splitting for H,
production, photocatalytic degradation of pollutants, etc.
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