
Chinese Chemical Letters 31 (2020) 1598–1602

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
[14_TD$DIFF]Communication
Stepwise construction of Pt decorated oxygen-deficient mesoporous
titania microspheres with core-shell structure and magnetic
separability for efficient visible-light photocatalysis

Zhijian Lib,1 [15_TD$DIFF], Yao Wanga,1, Ahmed A. Elzatahryc, Xuanyu Yanga, Shouzhi Pub, Wei Luod,
Xiaowei Chenga,*, Yonghui Denga

aDepartment of Chemistry, State Key Laboratory of Molecular Engineering of Polymers, Shanghai Key Laboratory of Molecular Catalysis and Innovative
Materials, iChEM, Fudan University, Shanghai 200433, China
b Jiangxi Key Laboratory of Organic Chemistry, Jiangxi Science and Technology Normal University, Nanchang 330013, China
cMaterials Science and Technology Program, College of Arts and Sciences, Qatar University, Doha PO Box 2713, Qatar
d State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Donghua University,
Shanghai 201620, China
A R T I C L E I N F O

Article history:

Received 21 September 2019
Received in revised form 15 October 2019
Accepted 18 October 2019
Available online 22 October 2019
Keywords:
Core-shell
Mesoporous TiO2

Photocatalytic activity
Magnetic recovery
Visible light
* Corresponding author.
E-mail address: xwcheng@fudan.edu.cn

[16_TD$DIFF]1 These authors contributed equally to th

https://doi.org/10.1016/j.cclet.2019.10.016
1001-8417/© 2019 Chinese Chemical Socie
(X. Cheng
is work.

ty and Inst
[18_TD$DIFF]A B S T R A C T

Solid photocatalysts with high specific surface area, superior photoactivity and ease of recycling are
highly desired in chemical process, water treatment and so on. In this study, a facile stepwise sol-gel
coating approach was utilized to synthesize Pt decorated oxygen-deficient mesoporous titania
microspheres with core-shell structure and convenient magnetic separability (denoted as Fe3O4@-
SiO2@Pt/mTiO2-x). These photocatalysts consist of magnetic Fe3O4 cores, nonporous insulating SiO2

middle layer and mesoporous anatase TiO2-x shell decorated by Pt nanoparticles (�3.5 nm) through wet
impregnation and H2 reduction. As a result of high activity of oxygen-deficiency of black TiO2-x by H2

reduction and efficient inhibition of electron-hole recombination by Pt nanoparticles, the rationally
designed core-shell Fe3O4@SiO2@Pt/mTiO2-x photocatalysts exhibit superior photocatalytic performance
in [19_TD$DIFF]rhodamine B (RhB) degradation under visible light irradiation, with more than 98% of RhB degraded
within 50min. These core-shell structured photocatalysts show excellent recyclability under the
assistance of magnetic separationwith well-retained photocatalytic performance even after running five
cycles. This stepwise synthesis method paves the way for the rational design of a high-efficiency
recyclable heterogeneous catalyst, including photocatalysts, for various applications.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
[20_TD$DIFF]In recent years, more andmore severe effects of water pollution
to the environment and human health have aroused the extensive
attention [1]. Among all the pollutants in wastewater, the dyestuff
organics discharged from printing and dyeing industries are
considered to be the most refractory ones, exhibiting the
characteristics of high toxicity, potential carcinogenicity and
difficult degradation [2,3]. Therefore, a great number of method-
ologies, such as advanced oxidation processes [4], enzymatic
degradation [5], photocatalytic degradation [2,4,6,7], have been
developed to reduce such environmental organic hazards.
Compared to other methods for eliminating organic pollutants
).

itute of Materia Medica, Chinese
in wastewater, the photocatalytic degradation pathway possesses
many attractive advantages including facile operations, low cost
and good sustainability, which is highlighted as one of the most
promising and environmental-friendly techniques in handling the
increasing water pollutants under the irradiation of ultraviolet
light or even visible light [2,4,6,8]. Titanium dioxide (TiO2), as a
wide-band-gap semiconducting metal oxide (band gap energy of
3.0–3.2 eV), is widely used in the fields of energy storage [9,10] and
photocatalysis [11–14], mainly due to its intrinsic properties of
high photocatalytic efficiency, good chemical stability, low cost
and nontoxicity to environment. However, one of the most
prominent limits of pure TiO2 photocatalysts is the relatively
low utilization of visible light because of their wide band gap and
the quick recombination of photogenerated electron-hole pairs,
which are produced by exciting the valence band electrons of TiO2

into the conduction band by absorption of ultraviolet light.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Illustration of the synthesis procedure of Fe3O4@SiO2@Pt/mTiO2-x

microspheres.
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Fig. 1. XRD patterns of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Fe3O4@SiO2@mTiO2 and (d)
Fe3O4@SiO2@Pt/mTiO

[12_TD$DIFF]2-x composites.
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Therefore, in order to enhance the photocatalytic activity of TiO2

under visible light irradiation, a large number of modification
strategies have been extensively explored, such as decorationwith
noble metals (Au, Pt, Pd, etc.) [12,13,15–19], doping with non-
metals (C, N, F, S, B, etc.) [20,21], mixing two TiO2 phases among
anatase, rutile and brookite [14], creation of amorphous peroxo-
TiO2, etc.[21_TD$DIFF] [22]. Besides, the design of functional photocatalysts with
suitable morphologies and large surface area, such as core-shell or
yolk-shell nanostructures [12,17,23], nanofibers [14], mesoporous
structures [15,18], hollow thin sheets [24], hollow spheres [25,26],
nanotubes [16] and so on, is another strategy to precisely adjust the
migration distance of electrons and holes, which can distinctly
improve the photocatalytic efficiency. Thus, it is acceptably
recognized that a high-performance photocatalyst used under
visible light can be rationally synthesized through combiningmore
than one methodology described above.

Although the nanoscale functional photocatalysts based onTiO2

show the promising catalytic efficiency in degradation of organics
under visible light irradiation, they still suffer the unavoidable
drawbacks of difficult separation and recycling from the hetero-
geneous catalysis systems [17]. In past decades, magnetite (Fe3O4)
nanoparticles have attracted a great deal of interest because of
their super paramagnetic property that is beneficial to their
recovery usage under an external magnetic field [27]. Core-shell
microspheres consisting of magnetic core and mesoporous outer
shell are being developed as an important kind of recyclable
composite heterogeneous catalysts [28]. However, the magnetic
photocatalysts synthesized by directly coating TiO2 ontomagnetite
particles showed a decreased photoactivity, due to an increase of
electron-hole recombination caused by the unfavorable hetero-
junction between TiO2 shells and iron oxide cores [26]. The
insulator polyelectrolytes were found to act as the corrosion
protective membrane and prohibit the negative influence of iron
oxide on photocatalysis [29]. In a photocatalyst of core-shell Fe3O4/
SiO2/polythiophene submicron composite, the specific semicon-
ductor/insulator/semiconductor structure was highlighted to be
helpful for the separation of photo-electrons and holes due to the
introduction of SiO2 as the insulating shell, and the catalytic
efficiency of methyl orange photodegradation was greatly en-
hanced [23], but the UV light irradiation and the oxidizing agent of
H2O2 were still needed for the catalytic reaction.

Herein, we reported the photocatalytic performance of
magnetic core-shell oxygen-deficient titania microspheres
(Fe3O4@SiO2@Pt/mTiO2-x) for the first time, which were obtained
by a simple stepwise sol-gel coating strategy and further modified
with Pt nanoparticles. The unique core-shell structure of magnetic
Fe3O4 cores, nonporous SiO2 insulating layers and oxygen-deficient
mesoporous anatase TiO2-x shells containing highly dispersed Pt
nanoparticles endows the catalyst with significantly increased
photocatalytic activity under visible light irradiation and superior
recyclability, when used in photodegradation of organic pollutants
and dyes (e.g., RhB).

Scheme 1 illustrates the synthesis strategy of core-shell
structured Fe3O4@SiO2@Pt/mTiO2-x microspheres. Firstly, using
the classical Stöber method, uniform nonporous SiO2 was
deposited on magnetic Fe3O4 nanoparticles to obtain the core-
shell Fe3O4@SiO2 microspheres through the controlled hydrolysis
and condensation of TEOS in ethanol/water/NH4OH mixed
solution. Secondly, a compact amorphous TiO2 layer was coated
on the surface of Fe3O4@SiO2 by a similar sol-gel method via
controlling the hydrolysis and condensation of TBOT. Thirdly,
calcination in N2 atmosphere at 400 �C was conducted to promote
TiO2 crystallization andmesopore formation in the shell, leading to
the production of core-shell Fe3O4@SiO2@mTiO2 microspheres.
Finally, with the treatment of wet impregnation and H2 reduction,
Pt nanoparticles were decorated inside mesopores of TiO2 shells,
and at the same time TiO2 was partially reduced to black TiO2-x, to
obtain the photocatalysts of Fe3O4@SiO2@Pt/mTiO2-x micro-
spheres.

X-ray diffraction (XRD) pattern of the as-prepared Fe3O4

particles displays six well-resolved diffraction peaks centered at
30.4�, 35.6�, 43.3�, 53.7�, 57.3� and 62.7�/2u (Fig. 1a), which are
indexed to (220), (311), (400), (422), (511) and (440) reflections of
the typical cubic Fe3O4 (JCPDS card No. 190629) [30]. After coating
SiO2 on Fe3O4 surface, the pattern containing six diffraction peaks
in Fe3O4@SiO2 is quite similar to that of the parent Fe3O4

microspheres, but a broad peak at around 22�/2u appears, which
is corresponding to the amorphous SiO2 phase (Fig. 1b) [31].
Without calcination, the deposited TiO2 shell still shows the
amorphous phase in Fe3O4@SiO2@TiO2 (Fig. S1 in Supporting
information). Calcination at 400 �C promotes TiO2 crystallization
into anatase phase with the characteristic diffraction peaks at 25�

and 48�/2u (Fig. 1c), that can be assigned to the (101) and (200)
crystal planes of anatase TiO2 (JCPDS card No. 21-1272) [32],
indicating that crystallized TiO2 was successfully coated on
Fe3O4@SiO2. Nevertheless, after decorating Pt nanoparticles by
wet impregnation and H2 reduction, the diffraction pattern of
Fe3O4@SiO2@Pt/mTiO2-x remains unchanged, and no diffraction
peaks about Pt nanoparticles were detected (Fig.1d), whichmay be
due to their low loading content and high dispersity in TiO2-x layer.
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Using the solvothermal synthesis method, we have synthesized
the hydrophilic magnetic Fe3O4 particles, which present the
uniform spherical morphology with a mean diameter of 200 nm
(Fig. S2A in Supporting information). These particles actually
consist of a great number ofmagnetite nanocrystals in size of about
10 nm, so they have rough surface and pomegranate-like micro-
structures with superparamagnetic property. Notably, the surface
of Fe3O4 particles is anchored with a great number of citrate
groups, thus they can be well dispersed in polar solvents of water
and ethanol, which is conductive to the subsequent deposition of
silica layer. After controllable hydrolysis and condensation of TEOS
through a sol-gel process, a nonporous SiO2 layer was uniformly
coated on Fe3O4 particles to form the core-shell Fe3O4@SiO2

microspheres, presenting spherical morphology but much
smoother surface and larger particle size of about 300 nm
(Fig. S2B in Supporting information). TEM images indicate that
the thickness of the silica shell is around 50 nm (Figs. 2A and B), in
good consistence with the SEM image in Fig. S2B. As a transitional
and protective layer, the SiO2 shell provides an appropriate
interface for following deposition of TiO2 layer, and it can also
enhance the stability and reusability of Fe3O4 particles and
promote the photocatalytic activity of TiO2 by decreasing the
adverse influence of Fe3O4 cores. Under the similar sol-gel coating
procedure and followed calcination treatment, the second layer of
anatase TiO2 was controllably deposited on SiO2 surface, leading to
the well-defined Fe3O4@SiO2@mTiO2 microspheres with much
larger particle diameter of �340 nm but rough surface (Fig. S2C in
Supporting information), mainly due to faster hydrolysis and
condensation rate of TBOT than TEOS and formation of crystallized
TiO2 nanoparticles by calcination. TEM images in Figs. 2A and B
clearly reveal the typical three-layer sandwich structure of
Fe3O4@SiO2@mTiO2, which consists of a dark Fe3O4 core, a light-
colored silica interlayer and a TiO2 shell with rough surface and
thickness of around 20 nm. Notably, the TiO2 layer is composed of
numerous highly crystallized nanocrystals with the lattice spacing
of 0.316 nm (Fig. 2C), assigned to the (101) plane of anatase TiO2

[33], and the disordered mesopores are ascribed to the voids
aggregated by these nanoparticles. After decorating Pt
[(Fig._2)TD$FIG]

Fig. 2. TEM (A, B) and HRTEM images (C) of Fe3O4@SiO2@mTiO2; TEM
nanoparticles through wet impregnation and H2 reduction, the
sample of Fe3O4@SiO2@Pt/mTiO2-x still shows the spherical
morphology, uniform particle size and good dispersibility
(Fig. S2D in Supporting information). From TEM images of [22_TD$DIFF]

Figs. 2D and E, it can be seen that Pt nanoparticles of �3.5 nm in
size are highly dispersed inside the mesoporous TiO2-x shells. The
energy-dispersive X-ray spectroscopy (EDX) spectrum confirms
the existence of Fe, Si, Ti and Pt elements in these core-shell
microspheres (Fig. 2F), inwhich Pt content is calculated to be about
1.45%.

X-ray photoelectron spectroscopy (XPS) was used to examine
the compositions and valence states of surface elements in
Fe3O4@SiO2@Pt/mTiO2-x, in which the elements of O, Si, Ti and
Pt could be detected but no peaks about Fe element appear
(Fig. 3A), proving that themagnetic Fe3O4 core iswell encapsulated
inside the core-shell microspheres. Two main peaks centered at
458.2 and 464.1 eV (Fig. 3B) can be assigned to the Ti4+ 2p3/2 and
Ti4+ 2p1/2, respectively. In addition, two additional peaks at 456.7
and 462.8 eV can be attributed to Ti3+ 2p3/2 and Ti3+ 2p1/2

respectively [34–36], revealing the existence of Ti3+ in the shell
with Ti3+/Ti4+ ratio as high as 0.72. The result demonstrates that
most of the tetravalent titanium was reduced to Ti3+ through H2

treatment at high temperature, which can greatly suppress the
recombination of photoinduced electron-hole pairs and promote
charge separation [37], thus enhancing the photocatalytic activity
of the core-shell microspheres. Two fitted peaks at 75.5 and
72.2 eV demonstrate the production of Pt0 4f5/2 and Pt0 4f7/2,
respectively (Fig. 3C), which indicates that Pt nanoparticles
reduced by H2 treatment are uniformly decorated in TiO2-x shells
[38].

Fig. S3A (Supporting information) shows the nitrogen adsorp-
tion-desorption isotherm curves of Fe3O4@SiO2@mTiO2 and
Fe3O4@SiO2@Pt/mTiO2-x, both of which display Type IV isotherm
with an obvious hysteresis loop, indicating the formation of well-
developed mesopores in the core-shell structured samples [39].
The Brunauer-Emmett-Teller (BET) surface area and total pore
volume of Fe3O4@SiO2@Pt/mTiO2-x are 72.4m2/g and 0.060 cm3/g,
respectively, quite close to those of Fe3O4@SiO2@TiO2 (69.2m2/g
images (D and E) and EDS spectrum (F) of Fe3O4@SiO2@Pt/mTiO2-x.
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Fig. 3. XPS characterization of Fe3O4@SiO2@Pt/mTiO2-x. (A) XPS survey spectrum, (B) Ti 2p spectrum and (C) Pt 4f spectrum.

Z. Li et al. / Chinese Chemical Letters 31 (2020) 1598–1602 1601
and 0.057 cm3/g). The pore size distributions derived from the
adsorption branches of the isotherms by using Barrett-Joyner-
Halenda (BJH) model display amean pore size of around 4.5 nm for
both samples (Fig. S3B in Supporting information), indicating that
themesopores in TiO2 shell are completely open even after loading
Pt nanoparticles, which can effectively contribute to fast adsorp-
tion and mass diffusion during the photocatalytic reaction.

Due to the intrinsic magnetic property and the unique core-
shell structure with high surface area and Pt-decorated oxygen-
deficient mesoporous TiO2-x, it is believed that the sample of
Fe3O4@SiO2@Pt/mTiO2-x may have a potential use as the photo-
catalyst for RhB degradation under visible light irradiation, in
comparison with the catalytic performance of Fe3O4@SiO2 and
Fe3O4@SiO2@mTiO2 under the same evaluation conditions (Fig. 4).
The Fe3O4@SiO2 core-shell hybrids show a negligible adsorption of
RhB without visible light irradiation (in dark), mainly due to the
low adsorption capacity of nonporous SiO2 shell. Whereas, both
Fe3O4@SiO2@mTiO2 and Fe3O4@SiO2@Pt/mTiO2-x give an obvious
increase in RhB adsorption, because of large surface area of the
deposited mesoporous TiO2 shells and their strong affinity with
RhB. Under the visible light irradiation, the Fe3O4@SiO2@Pt/
mTiO2-x core-shell hybrids exhibit the best catalytic performance
with RhB degradation efficiency up to 98% within 50min (Fig. 4A,
curve c and Fig. S4B in Supporting information). For comparison,
Fe3O4@SiO2 and Fe3O4@SiO2@mTiO2 can only convert 24% and 55%
of RhB under the same conditions, respectively (Fig. 4A, curves a
and b and Fig. S4A in Supporting information), indicating that the
photocatalytic activity can be significantly enhanced by coating
highly crystallizedmesoporous anatase TiO2-x shell and decorating
[(Fig._4)TD$FIG]

Fig. 4. (A) Photocatalytic degradation performance of RhB on various core-shell structur
(C0/C), where C0 and C represent the initial concentration and the concentration of RhB
Fe3O4@SiO2@Pt/mTiO2-x (c).
Pt nanoparticles as well. It is well known that most of the
photocatalytic reactions can be fitted with the typical Langmuir-
Hinshelwood model [4], and here the equation of ln(C0/C) = kt is
adopted to calculate the apparent rate constant (k), where [23_TD$DIFF]C0 and C
are the initial concentration and the concentration of RhB at
different exposed time, respectively. The k value of RhB degrada-
tion for Fe3O4@SiO2@Pt/mTiO2-x is calculated to be 0.0942min�1

(Fig. 4B), which is 24.5 and 5.71 times higher than that of
Fe3O4@SiO2 (0.00384min�1) and Fe3O4@SiO2@mTiO2

(0.0165min�1), respectively, further indicating the superior
photocatalytic performance of the Fe3O4@SiO2@Pt/mTiO2-x core-
shell hybrids towards RhB degradation.

The stability and reusability of catalysts for continuous
degradation of organics are quite important for practical applica-
tion in industry. Five-cycle experiments were conducted to
demonstrate the recyclability of Fe3O4@SiO2@Pt/mTiO2-x for RhB
photodegradation in Fig. S5 (Supporting information). In each run,
the photocatalyst can stably receive higher than 98% of degrada-
tion efficiency within 50min, which was then completely and
quickly separated from the aqueous solution held in an applied
magnetic field for the consecutive catalytic evaluations. After five
cycles of photocatalytic determinations, there was no significant
loss of catalytic activity and magnetic strength even under visible
light irradiation longer than the total exposed time of 250min,
indicating that the Fe3O4@SiO2@Pt/mTiO2-x core-shell micro-
spheres are very stable and highly reactive with a long life time
during the photocatalytic test.

Fig. S6 (Supporting information) describes the mechanism of
photocatalytic degradation of RhB over oxygen-deficient
ed catalysts; (B) [13_TD$DIFF]Pseudo-first-order linear relationship between reaction time and ln
at different exposed time, respectively: Fe3O4@SiO2 (a), Fe3O4@SiO2@mTiO2 (b) and
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Fe3O4@SiO2@Pt/mTiO2-x microspheres under visible light irradia-
tion. At first, the irradiation of visible light can inspire the
generation of conduction band electrons (e�) and valence band
holes (H+) of TiO2-x in mesoporous shell. Due to the effective
combination of highly-dispersed Pt nanoparticles and partially-
reduced anatase TiO2-x, the photogenerated electrons in the
conduction bands can easily transfer to the Pt surface, which
greatly prohibits the electron-hole recombination rate. Then O2

molecules capture electrons from the surface of Pt nanoparticles,
to form the highly active O2

-
[24_TD$DIFF] species, which can quickly oxidize

organics into CO2 and water. From the mechanism investigation,
the excellent photocatalytic performance of Fe3O4@SiO2@Pt/
mTiO2-x photocatalyst can be attributed to the following character-
istics: (1) The mesoporous structure of thin TiO2-x shell, which is
beneficial for the adsorption and diffusion of large organic
molecules; (2) High crystallization of the TiO2-x layer, which
contains rich defects and active sites exposed to reactants; (3) The
loaded Pt nanoparticles could act as the electron traps to facilitate
the separation of photogenerated electron-hole pairs and promote
the electron transfer process between the interface of TiO2-x and
Pt; (4) The silica interlayer and magnetic Fe3O4 core can enhance
the stability and recyclability of the photocatalyst, respectively.

In summary, we report a conventional stepwise sol-gel coating
approach to synthesize the magnetic core-shell Fe3O4@SiO2@m-
TiO2 microspheres, which exhibit the novel three-layer sandwich
structure containing Fe3O4 cores of �200 nm in diameter,
nonporous SiO2 insulating layers of about 50 nm in thickness
and mesoporous anatase TiO2 shells of 4.5 nm in pore size and
20 nm in thickness. Using the facile wet impregnation and H2

reduction routes, the magnetic core-shell photocatalyst of oxygen-
deficient Fe3O4@SiO2@Pt/mTiO2-x nanocomposites were obtained
by uniform decoration of Pt nanoparticles in size of�3.5 nmwithin
the mesopores of TiO2-x shells, which were formed by TiO2

reduction combined with Pt deposition through H2 treatment. The
photocatalytic activity of the core-shell Fe3O4@SiO2@Pt/mTiO2-x

microspheres was evaluated by [25_TD$DIFF]RhB degradation under visible
light irradiation, and the photocatalytic efficiency can exceed 98%
within 50min, showing the highest k in comparison with other
core-shell nanocomposites of Fe3O4@SiO2 and Fe3O4@SiO2@m-
TiO2. The recycling experiments indicate the promising stability
and reusability in RhB photodegradation. The catalytic mechanism
based on this core-shell Fe3O4@SiO2@Pt/mTiO2-x photocatalyst
was supposed to further interpret the superior photocatalytic
performance, which mainly originates from the magnetic core-
shell structures and the synergistic effects of uniformly dispersed
Pt nanoparticles, highly crystallized mesoporous anatase TiO2-x

and nonporous SiO2 transitional layer.
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