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ty and Ins
A B S T R A C T

Doping and increasing specific surface area by forming highly porous structures are two effectiveways to
enhance the photocatalytic performances of TiO2 particles. Here for the first time, we report a new facile
method to prepare the macroporous-mesoporous C-, S-, N-doped TiO2 (C/S/N-TiO2) microspheres via
polyHIPEmicrospheres as templates. The chemical and crystalline structures of these hierarchical porous
TiO2 microspheres are analyzed with FTIR, XPS, EDS, and XRD. The macroporous-mesoporous structures
are confirmed with SEM observation and BET analysis. UV–vis DRS spectra analysis shows that the band
gaps of C doped TiO2, C/N doped TiO2, C/S doped TiO2 and C/S/N doped TiO2 are estimated to be 3.07, 3.01,
2.94 and 2.81 eV, respectively, which are significantly narrower than that of TiO2 nanoparticles (3.23 eV).
Photoluminescence spectra demonstrate that the recombination of electrons and holes in these
macroporous-mesoporous TiO2 microspheres is also suppressed. The hierarchical porous C/S/N-TiO2

microspheres show high visible-light catalytic efficiency and excellent cycling stability to degrade RhB
dye.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The incorporation of hierarchical porosity (including meso-
pores (2�50nm) and macropores (> 50nm)) in functional
inorganic materials can significantly enhance the performances
of materials in wide application fields such as catalyst, electrodes,
separation, etc. [1–4]. Although it is challenging to prepare
hierarchical porous solids, many approaches have been reported
in the literature, which can be classified into two main approaches
according to a recent review in hierarchically porous materials: (1)
usingmacro-porous templates in the reactionmedia together with
small scale templates or (2) by combining chemical and physical
supplementary methods [5–12]. Developing a versatile template
for direct and facile formation of hierarchical porous solids is a
subject of broad significance.

Titania (TiO2) is an attractive semiconductor material due to its
unique photocatalytic properties, stable physicochemical proper-
ties, non-toxicity, and low cost [13–15]. However, due to its wide
band gap (3.2 eV), TiO2 is responsive to the ultraviolet regionwhich
accounts for only about 5% of the solar energy [16,17]. The fast
recombination of photogenerated electrons and holes limits the
photocatalytic efficiency of TiO2 as well [18–21]. Doping could
titute of Materia Medica, Chinese
reduce the band gap and suppress e-h recombination in TiO2, thus
enhance the photocatalytic activity [22–25]. Furthermore, the
recombination of carriers is closely related to the microstructure
and morphology of TiO2 [26–29]. Hierarchical porous structure
cannot only improve the transfer efficiency of photogenerated
charges, promote substrate/product transport and increase the
exposure of active sites, but also enhance the light-harvesting
efficiency owing to a large surface area and multiple reflections of
light [30,31]. As pointed by Parlett et al., the incorporation of
macropores into mesoporous architectures could minimise diffu-
sion barriers and enhance the distribution of active sites during
catalyst preparation [5].

The mesoporous-mesoporous TiO2 and microporous-mesopo-
rous TiO2 have been reported in the literature [32–35]. However,
the TiO2 microspheres with macroporous-mesoporous structure
are still rare. Recently, Fang et al. prepared macroporous-
mesoporous TiO2 microspheres through the self-assembly of tiny
TiO2 nanoparticles with a size of 15�50nm [36].

Here, we report a new facile method to prepare macroporous-
mesoporous C-, S-, N-doped titania (C/S/N-TiO2) microspheres
using polyHIPE microspheres as templates. The so-called poly-
HIPEs are polymers with interconnected porous structure pre-
pared by the polymerization of high internal phase emulsions
(HIPEs) [37]. The template method is a common method for
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. SEM images of (a) SP(St-DVB) template and (b) C/S/N-TiO2 microspheres. (c)
TEM images of C/S/N-TiO2microspheres and (d) an enlargedmicrosphere. The bar is
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(a) 20 , (b) 10 , (c) 5 and (d) 1  micrometer, respectively.
preparing porous inorganic microspheres [38,39]. However, the
use of interconnected porous microspheres as templates to
prepare inorganic porous microspheres has not been reported yet.

The preparation approaches of thesemacroporous-mesoporous
C/S/N-TiO2 microspheres are outlined in Scheme 1. The experi-
mental details are presented in the supporting information. Two
kinds of crosslinked polyHIPEmicrospheres, including polystyrene
(P(St-DVB)) and poly(styrene-co-methyl methacrylate) (P(St-
MMA-DVB)) polyHIPE microspheres, were prepared at first using
divinyl benzene (DVB) as the crosslinker. To improve the affinity of
the polyHIPE microspheres with TiO2, P(St-DVB) was sulfonated
(labeled as SP(St-DVB)), and P(St-MMA-DVB) was hydrolyzed to
form crosslinked poly(styrene-co-methacrylic acid) (P(St-MAA-
DVB)). Then TiO2 was deposited on either SP(St-DVB) or P(St-MAA-
DVB) polyHIPE microspheres with a sol-gel method using tetra-n-
butyl titanate (TBOT) as the precursor. After calcination, different
hierarchical porous TiO2 microspheres were formed and doped
meanwhile, that is, C doped TiO2 microspheres (C-TiO2) from P(St-
MAA-DVB) template or C/S doped TiO2 microspheres (C/S-TiO2)
from SP(St-DVB) template. Moreover, C/N or C/S/N doped TiO2

microspheres (C/N-TiO2 or C/S/N-TiO2) were prepared by the
hydrothermal treatment of C-TiO2 or C/S-TiO2, respectively, in the
presence of ammonia. For comparing the effects of hierarchically
porous structure and doping, we prepared non-doped hierar-
chically porous TiO2 microspheres (referring to porous TiO2

microspheres below) by calcination of C-TiO2 at 550 �C in air for
3h. The porous TiO2 microspheres are white powders, while the
other doped TiO2 microspheres have a light gray color.

The morphologies of various porousmicrospheres are observed
by using scanning electron microscope (SEM) and transmission
electron microscope (TEM). The SEM and TEM images in Fig. 1 and
Figs. S1–S4 (Supporting information) demonstrate that macor-
pores and interconnected porous structures are formed in either
polyHIPE templates or different TiO2microspheres prepared in this
work. Moreover, the enlarged TEM images reveal that the TiO2

microspheres are composed of a large amount of TiO2 nanocrystals
with an average size of about 7.0 nm (Figs. S2 and S4). These results
show that all the TiO2 microspheres possess interconnected
hierarchical porous structures. The successful doping of C, S and
N elements on the TiO2 microspheres are verified with energy
dispersive spectrometric (EDS) analysis, as shown in Fig. S1.

The chemical and crystalline structures and heteroatom doping
of TiO2 microspheres are further verified by using Fourier
transform infrared (FTIR) spectra, X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS). The peaks at 1215, 1143 and
1037 cm�1 are attributed to three deformation vibrations of��S¼O
[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration of the synthetic procedure of macroporous-
mesoporous C-, S-, N-doped TiO2 microspheres.
for C/S-TiO2 and C/S/N-TiO2, while the peak at 1403 cm�1 can be
assigned to be the C��N stretching vibration of C/N-TiO2 and C/S/N-
TiO2 (Fig. S5 in Supporting information). According to XPS (Fig. 2a),
it can be seen that Ti, O and C elements appear in all samples. The
presence of N element can be found in C/N-TiO2 and C/S/N-TiO2

samples, and the presence of S element in C/S-TiO2 and C/S/N-TiO2

samples. The C/S/N-TiO2 microspheres comprises oxygen (55.13%
atom), titanium (22.61% atom), carbon (17.20% atom), nitrogen
(2.6% atom) and sulfur (2.39% atom). The high-resolution spectra of
Ti 2p, S 2p, C 1s, O 1s and N 1s in Fig. S6 (Supporting information)
further determine elemental chemical states of C/S/N-TiO2. The
XRD patterns (Fig. 2b) demonstrate that all porous TiO2 micro-
spheres are anatase crystal form (JCPDS cards No. 00-004-0477).
However, the diffraction peaks of the (101) plane are slightly
shifted dependent on different doping, i.e., 2u =25.07� in C-TiO2,
25.67� in C/N-TiO2, 25.71� in C/S-TiO2 and 25.76� in C/S/N-TiO2,
compared with those in nano-TiO2 and porous TiO2 at 2u =25.32�.
The slight change of the spacing of (101) plane in the doped-TiO2

microspheres may attribute to lattice deformation caused by the
doping of heteroatoms [40].

Besides the TEM and SEM observation, the hierarchical porous
structures of TiO2 microspheres are further revealed by N2

adsorption-desorption isotherm (Fig. 2c). Compared with N2

adsorption-desorption isotherm of TiO2 nanoparticles (nano-
TiO2) having a type III curve, those of porous TiO2 microspheres
exhibit a classical IV-type isotherm with H3hysteresis loop,
indicative of mesoporous frameworks. Both the pore sizes and
specific surface areas can be calculated from the BET analysis, and
the data are listed in Table S1 (Supporting information). It can be
seen that all the highly porous TiO2 microspheres have larger
specific surface areas than that of nano-TiO2, and C/S/N-TiO2

microspheres have the largest specific surface area of 127.77m2/g.
Fig. 2d shows that there are twomain kinds of mesopores (average
pore diameters of 3.3 and 14.1 nm) and a small number of widely
distributed macropores in C/S/N-TiO2. Overall, macroporous-
mesoporous TiO2 microspheres are conveniently prepared in this
work.

Because of the impact of band gap on the photocatalytic activity
of TiO2, we analyzed the band gaps of TiO2 microspheres through
UV–vis. diffuse reflectance absorption spectra (UV–vis DRS) [41–
43]. As shown in Fig. 3a, the absorption edges of all the hierarchical
porous TiO2 microspheres are red-shifted, compared with that of
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Fig. 2. (a) XPS survey scans and (b) XRD patterns of (1) nano-TiO2, (2) porous TiO2, (3) C-TiO2, (4) C/N-TiO2, (5) C/S-TiO2 and (6) C/S/N-TiO2. (c) Nitrogen adsorption/desorption
isotherms of nano-TiO2, porous TiO2 microspheres and various doped-TiO2 porous microspheres. (d) BJH pore size distribution curves of porous C/S/N-TiO2 microspheres.

[(Fig._3)TD$FIG]

Fig. 3. (a) UVâvis diffuse reflectance spectra and (b) degradation curves of RhB photocatalyzed by: (1) nano-TiO2, (2) TiO2, (3) C-TiO2, (4) C/S-TiO2, (5) C/N-TiO2 and (6) C/S/N-
TiO2.
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TiO2 nanoparticles. According to Kubelka-Munk function conver-
sion diagrams corresponding to UV–vis DRS spectra (Fig. S7 in
Supporting information), the band gaps of TiO2, C-TiO2, C/N-TiO2,
C/S-TiO2 and C/S/N-TiO2 are 3.11, 3.07, 3.01, 2.94 and 2.81 eV,
respectively, which are significantly narrower than that of nano-
TiO2 (3.23 eV). It indicates that the band gap of TiO2 can be
significantly narrowed by heteroatom doping, and the more kinds
of doped heteroatoms, the narrower the band gap. Comparing the
band gap of non-doped porous TiO2microsphereswith that of TiO2

nanoparticles, the porous structure can also narrow the band gap,
although not as much as doping.

Photoluminescence (PL) spectra are used to characterize the
recombination circumstance of electrons and holes. As shown in
Fig. S8 (Supporting information), it is found that PL intensities of
porous TiO2 and doped-TiO2 microspheres are significantly lower
than that of TiO2 nanoparticles, indicating that the recombination
of photogenerated electrons and holes is effectively suppressed.
The more kinds of doped heteroatoms, the stronger the suppres-
sion effect due to the synergistic effect between different
heteroatoms [28,44,45]. Moreover, the comparison of PL spectra
of nano-TiO2 and porous TiO2 microspheres demonstrates that the
hierarchical porous structure is also conducive to the suppression
of e-h recombination.

The photocatalytic degradation of RhB dye by different TiO2

particles was tested. The evolution curves of RhB concentrations
are plotted in Fig. 3b, where the RhB concentration is decreased
due to the saturation adsorption of these TiO2 particles before the
starting time of visible light illumination (t =0min). The surfacial
saturation adsorption is fulfilled in half an hour away from light
according to the literature [43]. After illuminating by visible light,
significant degradation of RhB dye occurs, however, with different
degradation curve dependent on different TiO2 partilces. The
flatest curve photocatalyzed by nano-TiO2 and the steepest slope
curve by C/S/N-TiO2 are shown respectively. C/S/N-TiO2 has the
best degradation effect, and the degradation of RhB is completed
within 90min (Fig. S9 in Supporting information), which is
generally more active than other TiO2 photocatalysts reported in
the literature [46]. The kinetic curves for RhB photodegradation
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over various particles are plotted according to the pseudo-first-
order model (ln(c0/c) = kt). The apparent rate constants (k) are
listed in Table S2 (Supporting Information). The apparent rate
constant of the RhB degradation catalyzed by TiO2 nanoparticles is
the lowest (8.93�10�4min-1), while that of C/S/N-TiO2 is the
highest (0.0501min-1), which is 13.3 times higher than that of
porous TiO2 microspheres (3.76�10-3min-1). According to Fig. 3b,
it seems that the degradation is related to the BET specific surface
areas. We plot the rate constants versus the specific surface areas
and band gaps, respectively, in Fig. 4. If we compare nano-TiO2with
porous TiO2 microspheres, the rate constants between the two
particles are only slightly changed, although the specific surface
area of porous TiO2 microspheres is much larger than that of nano-
TiO2. However, the rate constants are almost linearly related to the
band gaps. Therefore, the degradation rate constants are related to
both specific surface areas and band gaps. Higher specific surface
areas are conducive to faster degradation. However, narrower band
gaps of TiO2 microspheres due to doping are the predominant
factor. Fig. S10 (Supporting information) further shows no
perceptible decrease for the photocatalytic activity of C/S/N-TiO2

after five cycles in total of 7.5 h visible-light illumination,
indicating the excellent cycling stability.

It is known that active species such as
�
O2

�,
�
OH, and hole (h+)

play an important role in the photocatalytic degradation of RhB dye
[47,48]. In order to study the photodegradation mechanism, we
selected p-benzoquinone, tert-butyl alcohol and KI as

�
O2

�,
�
OH and

h+ scavengers, respectively [49]. It can be seen from Fig. S11
(Supporting information) that the RhB degradation is not affected
by the addition of p-benzoquinone. However, after the addition of
tert-butanol and KI, the photodegradation of RhB is significantly
inhibited. 68% of RhB is degraded in 90min in case of the former,
while only 23% in case of the latter, indicating that the main
oxidizing substances of RhB degradation are �OH and more
important h+. Narrower band gaps and therefore higher efficiency
in producing more h+ or �OH under the illumination of visible light
is the main reason accounting for the fast degradation of doped-
TiO2 porous microspheres [28,43–45,47]. The high specific surface
area can dynamically accelerate the degradation.

In conclusion, we report a new facile method to prepare the
hierarchically macroporous-mesoporous C/S/N-TiO2 microspheres
using polyHIPE microspheres as templates, which show highly
active visible-light catalytic efficiency and excellent cycling
stability in the degradation of RhB. This is mainly attributed to
the synergistic effect of enhanced light harvesting efficiency,
excellent substrate/product transport capacity, enhanced photo-
generated carrier capability, effective separation of photogener-
ated electron-hole pairs and more active sites stemmed from the

[(Fig._4)TD$FIG]

Fig. 4. Degradation rate constants versus BET surface areas or band gaps of
different TiO2 partiles.
interconnected hierarchical porous structure and the heteroatomic
doping. The polyHIPE microspheres template method can be
extended to the preparation of other hierarchical porous inorganic
microspheres, such as tin dioxide and cadmium sulfide.
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