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n of oxygen-deficient TiO2

microspheres with modified {001} facets for
enhanced photocatalytic activity†

Xiaogang Liuab and Yingpu Bi*a

A facile in situ synthetic strategy has been developed to prepare highly active oxygen-deficient anatase TiO2

microsphere single crystals withmodified {001} facets by simply controlling the hydrothermal reaction time.

More importantly, on investigating the performance of photocatalytic hydrogen evolution, TiO2

microspheres consisting of micro-decahedrons with etched {001} facets show superior photoreactivity

compared with TiO2 microspheres wrapped with intact-{001} faceted anatase crystals. As determined by

electron spin resonance (ESR) measurement, short hydrothermal reaction time facilitates the formation

of oxygen vacancies, whereas longer hydrothermal reaction time contributes to the decrease of oxygen

vacancies and formation of subsurface Ti3+ defect states. Based on the PL emission spectra obtained at

different excited wavelengths, a possible mechanism of charge separation and transport resulting from

changing of bulk/surface trapping sites on the building blocks of TiO2 microspheres is proposed, and the

enhanced photocatalytic efficiency of the as-prepared TiO2 microsphere is largely attributed to the

efficient separation and transport of photogenerated charge carriers caused by rational surface

modulation and modification.
Titanium dioxide (TiO2) is well known as one of the most widely
used materials in the scope of photocatalysis and solar energy
conversion.1–3 In particular, TiO2 crystals with tailored facets
have been one of the most interesting research topics among
those of various metal oxides in the past few years.4–9 Triggered
by Lu's rst study of the preparation of TiO2 crystals enclosed by
47% {001} facets,3 great attempts have been made to obtain
a higher exposure percentage area than the initial value of 47%.
To date, the percentage area of {001} facets has already
increased up to nearly 100%.10 In spite of the promising prop-
erties associated with {001} facets, such as dissociative
adsorption of water molecules and unique anchoring of dye
molecules, its synergistic effect with other facets is not quite
clear and remains controversial. For example, Han11 et al.
showed that the photodegradation percentage of methylene
blue increases from 46% to 59%, 73%, and 98% with increasing
percentage area of anatase {001} facets from nearly 0% to 5%,
20%, and 60%. This means that the anatase (001) surface is
indeed more reactive in decomposing organic molecules than
that of anatase (101). Some other researchers, however, hold the
opposite viewpoint. One remarkable example reported by Pan12
elective Oxidation, National Engineering
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et al. was that the micrometer-sized anatase crystals with 24%
{001} and 76% {101} facet areas exhibit higher activities in both
hydrogen and OH radical generation than those with 40% {001}
and 60% {101} facet areas, and crystals with 14% {001}, 33%
{101} and 53% {010} facet areas have the highest activities.
Recently, Yu13 et al. proposed a new “surface heterojunction”
concept to explain the differences in the photocatalytic activity
of TiO2 with co-exposed {001} and {101} facets, nding that an
optimal ratio of the exposed {101} and {001} facets leads to the
highest photocatalytic activity toward reduction of CO2 to CH4.

Tremendous efforts have been put towards facet engineering,
and extensive studies have also been devoted to investigate
spherical titania structures, including mesoporous spheres,14

spherical aky assemblies,15 and dendritic particles that are
monodisperse and of variable diameter,16 due to their realized
and potential applications in the areas of chromatographic
separation,17 lithium-ion batteries,18 dye-sensitized solar cells,19

and photocatalytic water splitting.20 For example, Chen et al.
synthesized hierarchical anatase microspheres assembled from
the high surface area nanosheets with nearly 100% {101} fac-
ets.21 Micrometer-sized anatase spheres with variable pore sizes
have shown excellent performance as packing materials for
chromatographic separation and selective phosphopeptide
enrichment, and thus provide instructive strategies to prepare
more novel and efficient spherical-based titania photocatalysts.

Recently, reduced TiO2 containing the Ti
3+ or oxygen vacancy

has been demonstrated to extend the light absorption spectrum
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of the prepared anatase TiO2 microspheres at
different hydrothermal reaction times. (A) 1 h, (B) 2 h, (C) 4 h, (D) 6 h, (E)
9 h, (F) 12 h.
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and enhance the electron mobility as well as electron–hole
separation efficiency.22–24 Different strategies, such as H2/Ar
treatment25 and laser irradiation,26 as well as metal reduction
methods using Al,27 Zn28 and Mg,29 were used to prepare Ti3+-
doped or oxygen-vacancy-rich TiO2. Although progress has been
achieved using these methods, they are rather time-consuming,
not environmentally friendly and are energy wasteful. Exploring
more mild and cost-effective preparation methods to achieve
oxygen-decient TiO2 without introducing any impurity
element is therefore highly desired and necessary.

Herein, we demonstrate a facile method for fabricating Ti3+-
doped anatase TiO2 microspheres (denoted TS-xH, where x
represents the hydrothermal reaction time) consisting of
etched- or intact-{001} faceted truncated bipyramidal TiO2 (the
building units of microspheres are referred as etched- and
intact-TiO2). Approximately 3.6 and 8 times higher hydrogen
evolution rates (255 and 92.95 mmol h�1 for microspherical TiO2

consisted of etched- and intact-(001) faceted TiO2 anatase
crystals, respectively) than that of their building blocks (69.25
mmol h�1 and 11.4 mmol h�1 for etched- and intact-TiO2,
respectively) have been achieved under the same conditions.
The unique microspherical structures based on specic facet
moderation play a key role in the transfer processes of photo-
excited charge carriers and therefore their photocatalytic activ-
ities. These ndings may provide a new strategy for designing
more efficient TiO2-based photocatalysts for solar energy
conversion.

Fig. 1 shows typical scanning electron microscope (SEM)
images of the prepared TiO2 microsphere single crystals
synthesized under different hydrothermal times. As can be seen
from Fig. 1A, the TS-1H obtained from a reaction medium
containing 5 wt% HF and 0.04 M TiF4 under 1 h has already
shown spherical morphology, indicating that the formation rate
of spherical crystals is quite rapid. By prolonging the reaction
time to 2 h, the outer exposed surface of TS gradually exhibits
squared crystal facets consisting of well-faceted truncated
octahedra (Fig. 1B), in which the two square surfaces and the
other eight isosceles triangular, surfaces have been conrmed
to be {001} and {101} facets, respectively.30 Furthermore, the
percentage of exposed {001} facets is calculated to be 60.69%
(the detailed measuring method is presented in the ESI and eqn
(1)†). Moreover, all of the crystal surfaces are extremely smooth
without any trace of corrosion. However, the TS-4H sample
partially preserves the growth of the {001} facet along with slight
corrosion phenomenon observed in the center of the {001} facet
(Fig. 1C), which can be attributed to the dual role of HF for
controlling crystal facet growth of TiO2.31,32 Furthermore, the
facial etching gradually intensies as the reaction time
increases from 4 h to 12 h, which can be observed from the SEM
images shown in Fig. 1D and E. In addition, as can be seen in
Fig. 1F, TS-12 h exhibits very uniform etching activity on the
{001} facet with several newly-formed tiny pits on the outer
exposed surface. In order to observe the TiO2 microspheres
more clearly, the transmission electron microscope (TEM) was
further used. As shown in Fig. S1A, 2A and 3A,† the average
diameter of the prepared TiO2 microspheres is ca. 2 mm. The
high-resolution (TEM) images (Fig. S1B, C, S2B, S3B and C†)
This journal is © The Royal Society of Chemistry 2017
show a distinct lattice spacing of 0.19 nm and 0.35 nm, which
can be ascribed to the (010) and (101) atomic planes of anatase
TiO2, respectively.

The dual role of HF in controlling crystal facet growth has
been experimentally demonstrated and theoretically conrmed.
HF stabilizes the growth of {001} facets at low concentration but
selectively destroys the growth of {001} facets at high concen-
tration. As for the prepared TiO2 microspheres, its formation is
a result of secondary nucleation, growth and further etching, in
which F elements play a vital role in the formation process.
Herein, a schematic of morphology evolution of micro-spherical
TiO2 at different reaction states is proposed, as shown in Fig. 2.
At the beginning of the hydrothermal reaction, TiF4 was readily
hydrolysed in an aqueous solution, followed by nucleation and
then budding to a spherical morphology (Fig. 1A). As the reac-
tion time prolonged to 2 h, more F atoms were adsorbed on
both {001} and {101} faceted surfaces, leading to a higher
uorinated surface. At this stage, HF preserved the growth of
the {001} facet to form TiO2 microspheres consisting of well
faceted, truncated octahedra (Fig. 1B). Further prolonged reac-
tion time only affected the fraction of available adsorption sites
occupied by F atoms. At this stage, the {001} faceted surface was
only selectively etched (as shown in Fig. 1C) due to the different
geometrical arrangements of oxygen and titanium on the {001}
and {101} faceted surfaces. When the reaction time prolonged
RSC Adv., 2017, 7, 9902–9907 | 9903
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Fig. 2 Schematic of morphology evolution for the prepared anatase
TiO2 microsphere single crystals.

Fig. 3 (A) H2 evolution vs. UV-vis light exposure time for TiO2

microspheres prepared under different reaction times and (B) the
corresponding H2 evolution rates. (C) A comparative result of H2

evolution vs. UV-vis light exposure times for different TiO2 samples
(intact-TiO2, etched-TiO2, TS-2H, TS-6H) and (D) their corresponding
H2 evolution rates.
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from 6 h to 12 h, the etching degree was gradually intensied on
the {001} faceted surface, as shown in the SEM images of TS-6, 9,
12 h (Fig. 1D–F).

The XRD patterns of the prepared TS samples before and
aer calcination at 600 �C in air are shown in Fig. S4 and S5A,†
respectively. The XRD proles of all the prepared TiO2 samples
can be indexed to pure anatase TiO2 with tetragonal structure
(space group I41/amd, a ¼ b ¼ 3.782 Å, c ¼ 9.502 Å, JCPDS card
73-1764). The UV-visible absorption spectra of the as-prepared
TiO2 microspheres are shown in Fig. S5B.† It can be seen that
the microsphere sample has stronger absorption in both the
visible and ultraviolet range along with extended reaction time
due to the controllable surface carving in the {001} facets and
the unique spherical geometry morphology. Among them, the
TS-9H sample shows the strongest absorption in both the
visible and ultraviolet range with a red shi in the absorption
edge. On the basis of the formula a ¼ Bi(hn � Eg)2/hn (where a is
the absorption coefficient, hn is the incident photon energy, and
Bi is the absorption constant for indirect transitions), the band
gaps are deduced to be 3.15 and 3.19 eV for TS-9H and TS-1H,
respectively (see inset of Fig. S4B†).

In order to get a clean surface, all the samples were treated by
an annealing method. Fig. S6† presents the high resolution XPS
survey of F element before and aer calcination. As shown in
Fig. S6A,† the F 1s peak at 684.8 eV in TS-6H is consistent with
uorine bound to the surface of TiO2. However, the F 1s peaks
aer calcination at 600 �C for 120min in TS-1H, 2H, 4H, 6H, 9H,
12H samples have disappeared (Fig. S6B†), indicating the
surface F atoms of the as-prepared TiO2 microspheres have
been completely removed. The Brunauer–Emmett–Teller (BET)
specic surface area (SBET) and pore structure of the prepared
samples were investigated using nitrogen adsorption–desorp-
tion measurements (see Table S1 and Fig. S6 in the ESI†). The
nitrogen adsorption–desorption isotherm, shown in Fig. S7A,†
9904 | RSC Adv., 2017, 7, 9902–9907
can be attributed to type IV, according to IUPAC classication.
The corresponding Barrett–Joyner–Halenda (BJH) method pore
size distribution plot, shown in Fig. S7B,† indicates the pres-
ence of mesopores (2–50 nm) between the building blocks of the
prepared TiO2 microspheres.

A Xe lamp (300 W) was used to evaluate the H2 production
under UV-visible light irradiation, and the results are shown in
Fig. 3. With the increase of hydrothermal reaction time, the H2

production is rst increased and then decreased, as shown in
Fig. 3A. As shown in Fig. 3B, the TS-6 h sample shows the
highest hydrogen evolution rates (denoted as HERs) of 255
mmol h�1 g�1, which is nearly 3.7 times and 1.8 times higher
than that of TS-1H (68.65 mmol h�1 g�1) and TS-12 h (136.66
mmol h�1 g�1), respectively. Above all, it can be found that once
the {001} facet of the spherical microcrystal was corroded, its
photocatalytic H2 production is enhanced ultimately compared
with that of non-etched {001} facet ones. However, a too strong
etching phenomenon on the {001} facet could lead to decreased
photocatalytic performance (see the reduced HERs of TS-9H
and TS-12H compared with that of TS-6 h). Moreover, the
building blocks (denoted as intact-, etched-TiO2) of the as-
prepared TS samples are also introduced to investigate the
difference in HERs and the typical SEM images are shown in
Fig. S8A and B.† It is found that the HERs of TiO2 microspheres
are far more than those of their single TiO2 building block
microstructures (Fig. 3C). To be specic, the calculated HERs of
TS-2H and TS-6H are about 8 and 3.6 times that of their basic
building blocks (11.53 mmol h�1 g�1 for intact- and 92.95 mmol
h�1 g�1 for etched-TiO2), respectively (Fig. 3D). Moreover, the
higher charge carriers separation efficiency and photocatalytic
activity can be further conrmed by the measurement of the
hydroxyl (OH) radical (shown in Fig. S9†). It can be clearly seen
that the TS-6H sample possesses the highest uorescence
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28533c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 4
:4

1:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intensity of OH radicals among these samples, which further
conrms the effective separation of photo-induced charge
carriers. Moreover, the results of OH radicals were in good
agreement with those of the photocatalytic H2 production.

Owing to its high sensitivity and non-destructive character,
the photoluminescence (PL) technique has been widely used to
investigate the electronic structure, optical and photochemical
properties of semiconductor materials. Using this information,
surface oxygen vacancies and defects, as well as the efficiency of
charge carrier immigration and transfer can be obtained.33–35

Based on the above discussion, the photoluminescence prop-
erties were adopted to better understand the surface processes
of the as prepared TiO2 microspheres. Typical PL spectra with
excitation wavelengths of 380 nm and 253 nm are shown in
Fig. 4. As can be seen from Fig. 4A, the TS samples exhibit
a relatively strong and wide PL signal at 570 nm with excitation
light of energy (the excitation wavelength is 380 nm) higher
than the band gap energy of TiO2. The PL signal is generally
attributed to excitonic PL,36 which mainly results from surface
charge carrier trapping and defects of TiO2 microspheres.
Specically, the excitonic PL intensity of the as-prepared TiO2

initially decreases with increasing reaction time, and then
increases along with increasing reaction time. Among the PL
spectra, the TS-6H sample has the weakest PL intensity in the
range of 550 nm to 590 nm. Moreover, the PL spectrum (shown
in Fig. 4B) was also performed with the excitation wavelength of
253 nm. It can be seen that strong peaks at 392 nm were
observed, which can be ascribed to band–band PL.37 According
to PL attributes, the band–band PL spectrum can directly reect
the separation of photo-induced charge carriers, viz. the
stronger the band–band PL signal, the higher the recombina-
tion rate of photo-induced carriers.38 Moreover, the PL intensity
order excited with the excitation wavelength of 253 nm is TS-1H
> TS-2H > TS-12H > TS-9H > TS-4H > TS-6H, which is in good
agreement with the order of photocatalytic H2 production. In
addition, regardless of the different line shape of the PL spec-
trum excited with a different wavelength, the intensity order of
PL spectra at a different wavelength range is in good accord with
the photocatalytic H2 production rates.

Electron paramagnetic resonance (EPR) spectra were recor-
ded at room temperature to investigate the presence of Ti3+ in
the prepared TiO2 microspheres, and the results are shown in
Fig. 4 PL spectra of prepared microspherical TiO2 with different
reaction times under different excitation wavelengths: (A) 380 nm and
(B) 253 nm.

This journal is © The Royal Society of Chemistry 2017
Fig. 5. TS-2H has a very strong EPR signal at g ¼ 2.003, which
could be assigned to the oxygen vacancy species.39 Furthermore,
new paramagnetic signal peaks centered at g¼ 1.967 (the signal
can be ascribed to the subsurface paramagnetic Ti3+ center40)
appear for TS-6H and TS-12H compared with that of TS-2H. In
addition, the signal peak intensity of subsurface paramagnetic
Ti3+ for TS-6H is sharper and stronger than that of TS-12H. The
intensity variation of both the signals at g¼ 2.003 and g ¼ 1.967
indicates that the quantity of both the surface and bulk trap-
ping sites (here referring to Ti3+ ions and oxygen vacancies) have
been changed with extension of the hydrothermal reaction
time.

Furthermore, X-ray photoelectron spectroscopy (XPS)
measurement was performed to explore the chemical state of
titanium and oxygen elements in the TS samples. Typical high-
resolution XPS spectra of the TS samples are shown in Fig. S10.†
The XPS spectrum of Ti 2p for all the samples exhibits two
typical peaks with a spin–orbital doublet splitting (Ti 2p3/2 and
Ti 2p1/2), which can be assigned to oxidation state of titanium
being Ti4+.41 No peak corresponding to Ti3+ around 458.1 eV was
detected. For one thing, the surface of TS was dominated by
Ti4+, which rules out the presence of Ti3+ on the sample
surface.42 For another, the radius of the prepared TiO2 micro-
spheres (ca. 2 mm) is larger than the detecting depth of XPS
since the XPS technique monitors the electron binding energy
of sites within a few nanometers of the particle surface. To be
specic, as for TS-1H, the peaks at 458.68 eV (Fig. S10A†) and
529.97 eV (Fig. S10B†) could be indexed to Ti 2p3/2 and O 1s,
respectively. However, prolonged reaction time leads to a slight
shi to lower binding energy for both Ti 2p and O 1s core level
spectra, as observed in the XPS result of TS-12H (the binding
energy positions of Ti 2p3/2 and O 1s shi to 458.60 eV and
529.88 eV, respectively). The subtle variations in XPS result may
result from Ti3+ doping-induced changes in the electronic
properties and surface structure of the prepared TS samples.

The widely accepted photoactivation mechanism is as
follows: (a) upon excitation by UV light absorption, electrons are
excited from the valence band to the conduction band; (b) the
photogenerated electrons (e�) and holes (h+) migrate from bulk
to surface, where the electrons reduce adsorbed electron
acceptors (e.g., O2) and holes oxidize adsorbed donor species
Fig. 5 EPR spectra of the TiO2 samples obtained after different
hydrothermal reaction times.

RSC Adv., 2017, 7, 9902–9907 | 9905
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(e.g., organic species or hydroxyl); (c) the e�–h+ recombination
occurs in bulk trapping sites and on surface trapping sites. The
overall moderate photocatalytic efficiency is mainly ascribed to
the competition between recombination of photogenerated
charge carriers and charge transfer to adsorbates. As for the
prepared TiO2 microspheres, the (001) faceted surface is
changed with extension of the reaction time. Thus, the quantity
of both bulk trapping sites and surface trapping sites has
changed to result in optimum values. In other words, the rela-
tive ratio of surface/bulk trapping sites plays a decisive role in
adsorption and photoreactivity of TiO2 crystals. Based on the
above discussion and PL spectra results, a surface/bulk trapping
sites-mediated photo-excitation mechanism is proposed, as
shown in Fig. 6. The corrosive effect generated at {001} facets
has a meaningful inuence on the amount of both bulk trapped
and surface trapped sites. Since different degrees of corrosion
have been observed, compared with TiO2 with intact {001} fac-
ets, there exists a relatively appropriate ratio of surface defects
to bulk defects. It is concluded that a relatively suitable corro-
sion phenomenon in {001} facets of anatase TiO2 microcrystals
leads to the production of more reactive under-coordinated Ti
5c atoms, but a relatively reduced concentration ratio of bulk
defects to surface defects in TiO2 microcrystals. An optimum
concentration of bulk/surface defects can improve the charge
separation of photogenerated charge carriers, and thus provide
a maximum enhancement of photocatalytic performance.
However, an excess concentration of surface/bulk defects
results in a decrease of photocatalytic performance.

In summary, a facile hydrothermal method has been applied
to fabricate oxygen-decient anatase TiO2 microspheres con-
sisting of intact or etched {001}-faceted TiO2 by simply changing
the hydrothermal reaction time. Such prepared TiO2 micro-
spheres consisting of etched {001}-faceted surfaces show
excellent photocatalytic hydrogen production, far exceeding
than that of microspherical TiO2 consisting of intact {001}-
faceted surfaces. Moreover, short hydrothermal reaction time
Fig. 6 Surface/bulk trapping sites-mediated photo-excitation process
for TiO2 microspheres consisting of (A) intact and (B) etched {001}
faceted truncated octahedra.

9906 | RSC Adv., 2017, 7, 9902–9907
facilitates the formation of oxygen vacancies, whereas pro-
longed hydrothermal reaction time contributes to the decrease
of oxygen vacancies and formation of subsurface Ti3+ defect
states. Moderate etching effects occurring on the {001} facets of
prepared TiO2 microspheres bring out an optimum surface/
bulk trapping ratio and thus the most excellent photocatalytic
performance.
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