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Introducing Ti** defects based on lattice distortion
for enhanced visible light photoreactivity in TiO,
microspheresT

Yunfan Xu, @2 Sujuan Wu,*? Piaopiao Wan,? Jianguo Sun® and Zachary D. Hood®®

Defective titanium dioxide (TiO,) is of much significance due to its improved visible light photoreactivity.
Generally, the existence of defects leads to imperfections in the crystal lattice, which in turn affect the
dynamics of the evolution of defects and the corresponding physical properties of TiO,. Until now, how
lattice distortion affects the formation of Ti** defects as well as the corresponding visible light
photoreactivity in TiO, has remained elusive. Herein, we have successfully introduced Ti** defects based
on lattice distortion in TiO, microspheres and found the photocurrent of anatase TiO, has been
significantly enhanced from 1.78 to 80 puA cm™2
three times under visible light irradiation. Furthermore, we show that lattice distortions have minimal

with an increase in photocatalytic activity of almost

contribution to enhancing the visible light photocatalytic activity because the band gap cannot be
narrowed due to the absence of Ti** defects, yet the existence of lattice distortions could suppress the
recombination of electron—hole pairs. Moreover, the formation of Ti*" defects is energetically favored in
lattice-distorted TiO, compared to that of pristine TiO,. This work highlights the design and
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Introduction

Titanium dioxide (TiO,) has attracted much attention in organic
contaminant degradation since Carey et al.* successfully degraded
polychlorinated biphenyl using TiO,-based photocatalysts. Since
then, enormous effort has been devoted to photocatalyst-based
research, photovoltaics, and photo-electrochemical cells.
However, the applications of TiO, are greatly hindered by its low
quantum efficiency in photocatalytic reactions, ineffective utili-
zation of visible light due to the high recombination of photo-
induced electron-hole pairs, and relatively large band gap
(~3.2 eV).>* To address these issues, researchers have used
various strategies, such as fabricating composites,>® metal anion/
cation or non-metal doping,'*** surface sensitization by dyes,'***
introducing defects*?® and so on.

Among the above strategies, the introduction of defects, such
as Ti**, oxygen vacancies (OVs), and lattice disorder defects, has
been widely studied due to their close relationship with the
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development of highly efficient TiO, photocatalysts that operate under visible light irradiation.

electronic structure, charge transport, and surface activity of
TiO,."?* Chen et al.*® reported black TiO, nanoparticles with
significant lattice disorder and Ti*" defects, exhibiting excellent
solar-driven photocatalytic activities towards hydrogen genera-
tion. Grabstanowicz et al.”’ have demonstrated that Ti*"-doped
TiO,, accompanied with the formation of OVs, displays a broad-
ened absorbance in the visible light region. These imperfections
in the crystal lattice lead to lattice distortion, which further affect
the corresponding photochemical properties.** Still, our
understanding with regards to (1) how lattice distortions affect
the resulting visible light photoreactivity and (2) the formation of
defects remains unclear.

Herein, we have successfully introduced defects based on
lattice distortion in TiO, microspheres. It is demonstrated that
the enhancement of visible-light-driven photocatalysis is
mainly attributed to the existence of Ti*" defects, which leads to
an elevated valence band edge and a narrower band gap,
resulting in higher photoreactivity. The band gap of TiO, with
lattice distortions could not be narrowed, failing to improve
visible light photocatalytic activity without Ti** defects, but the
higher photocurrent generation indicates the migration of
recombination of electron-holes pairs. Interestingly, lattice-
distorted TiO, favours the formation of Ti** defects. A
combined effect of lattice distortion and defects was found to
increase the photocatalytic activity nearly three times, and the
photocurrent generation increased from 1.78 to 80 pA cm 2.
Such progress is significant for the development of highly effi-
cient photocatalysts and devices for solar fuel generation.
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Experimental
Synthesis of TiO,-based materials

All chemicals were of analytical grade and used without further
purification. In order to introduce lattice distortions to TiO,
microspheres, 0.05 mol Ti(SO,), and 0.05 mol NaCl were added
to 60 mL of deionized water. After 30 min of stirring, the
transparent solution was transferred into a high-pressure
reactor and heated at 120 °C for 12 h with a heating rate of
5 °C min~"'. Then, the resulting mass was cleaned, dried at
100 °C for 12 h, and calcined at 300 °C for 5 h, yielding a white
powder. To prepare pure TiO,, no NaCl was added.

In a typical procedure of introducing defects, 10 mL ethylene
glycol (EG) and 0.3 g of as-prepared TiO, were added into a high-
pressure reactor and were heated at 180 °C for 5 h with a heating
rate of 5 °C min~*. The upper transparent solution was dis-
carded and the solid mass was washed and dried at 100 °C for
12 h. The TG test (Fig. S7t) shows that the EG reduction does
not leave organic remains in as-prepared samples.

TiO, with both lattice distortion and defects was prepared by
a combination of experimental procedures described above.

Characterization

X-ray diffraction (XRD) patterns were collected with a PAN-
alytical Empyrean X-ray diffractometer with monochromatic Cu
K, radiation (A = 1.5418 A). X-ray photoelectron spectroscopy
(XPS) was carried out on a PHI5300 (PerkinElmer) with
a monochromatic Mg Ka source to analyze the surface chem-
istry. Scanning electron microscopy (SEM) images were carried
out on a field emission scanning electron microscope (JEOL
JSM-7001F; acceleration voltage = 10 kV). Transmission elec-
tron microscopy (TEM) images were obtained on a Zeiss LIBRA
200 FEG transmission electron microscope operating at 200 kV.
UV-vis diffuse reflectance spectroscopy (DRS) was performed on
a Shimadzu UV-2100 spectrophotometer using BaSO, as the
reference.

Photoelectrochemical characterization

The photoelectrochemical response was measured using a CHI
660B electrochemical workstation with conventional three-
electrode setup under visible-light illumination. To fabricate
the working electrode, 1 mg of as-prepared pure TiO, and
chlorine introduced TiO, microspheres were coated onto a slice
of ITO glass with an area of 1.5 x 1.5 ecm> A 0.5 x 0.5 cm* Pt
plate and a saturated calomel electrode were used as the
counter reference electrodes, respectively. A 0.1 M Na,SO,
solution was used as the electrolyte and a 500 W Xe lamp was
utilized as the visible light source.

Photocatalytic assessment

The photocatalytic activity of the as-prepared TiO, micro-
spheres was evaluated by photocatalytic degradation of a solu-
tion containing 20 mg L™ rhodamine B (RhB) or 15 mg L™*
phenol irradiated with visible light (500 W Xe lamp and a UV
cutoff filter (A > 420 nm)). In a typical process, 70 mg of the as-
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prepared sample was added to 100 mL of RhB or phenol.
Afterwards, the photocatalyst was dispersed in the solution and
stirred for 0.5 h in the dark to reach adsorption equilibrium
before being exposed to visible-light irradiation. The suspen-
sion was sampled every 20 min, and the photocatalyst was
removed by centrifugation. The change in RhB or phenol
concentration was determined relative to the extinction spectra
for RhB by UV-vis spectroscopy.

Results and discussion

XRD patterns (Fig. 1a) show that all samples are composed of
the pure anatase phase, which suggests that there was no
significant change in the phase structure by the addition of
chloride ions during the hydrothermal processing or reduction
with ethylene glycol (EG). Nevertheless, it is noted that the (101)
and (004) diffraction peaks slightly shift to smaller angles after
adding chloride ions, while no obvious shift is observed after
EG reduction, implying that the lattice parameters of TiO,
become larger and lattice distortion is introduced by adding
chloride ions. It is further confirmed that the introduction of
chlorine ions during the synthetic procedures brings about
surface stress in the titania crystals, which results in lattice
distortion. All samples are mainly composed of microspheres
with average diameters of about 350 nm (Fig. 1b). Our results
suggest that reduction with EG has no effect on the morphology,
however, the existence of Cl ions during hydrothermal pro-
cessing has a strong effect on the morphology of TiO, (Fig. S17).
The presence of chloride ions leads to more hollow structures in
the samples, indicating that the existence of chloride ions may
play the role as the surface surfactant**>*” (Fig. S21). TEM
analysis further demonstrates that the hollow microspheres are
constructed of numerous nanostructures (Fig. 1c). The lattice in
area I matches the (101) crystallographic plane of anatase with
d spacing of 0.36 nm, indicating that the exposed facets on the
surface hold no significant changes (Fig. 1c). Nonetheless,
evident lattice distortion exists in the TiO, with the addition of
chloride ions, as shown in Fig. 1c and S3,t which is consistent
with the XRD results.

XPS analysis was performed to identify the existence of
chloride ions and defects on the surface of the different TiO,
samples. In all samples, there was no signal for chlorine
(Fig. S4t), suggesting that the existence of chloride ions in the
hydrothermal processing only leads to lattice distortion in-stead
of doping and can be removed with subsequent sample
washing. Fig. 2 shows the Ti 2p peaks, where the 2p spin-orbital
doublets two peaks center at ~458.8 eV and ~464.6 eV corre-
spond to the characteristic Ti 2ps/, and Ti 2py,, peaks of Ti*",
respectively.®** A detectable shoulder was observed at lower
binding energies for the samples that contain defects, which
can be ascribed to Ti*" ions.**® More importantly, the peak area
ratio of Ti**/Ti'" increases from 0.256:1 to 0.488:1 when
lattice distortion is also present in TiO,. This increase in the
Ti*" concentration can be ascribed to the presence of lattice
distortion, which allows for more accessible sites for Ti** to be
reduced to Ti*".

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) XRD patterns of the as-prepared TiO, samples (pristine TiO, (Original), pure TiO, with lattice with Ti** defects (Defects), pure TiO, with
lattice distortion (Distortion), TiO, with both lattice distortion and defects (Distortion & Defects)). Patterns specially displaying the (101) and (004)
peaks are shown to the right. (b) SEM images of the as-prepared TiO, microspheres with both lattice distortion and defects. (c) HRTEM image of
TiO, with lattice distortion (inset: Fast Fourier Transformation (FFT) for area I) with enlarged HRTEM images of selected areas (I) and (ll).
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Fig. 2 Ti 2p XPS spectrum of as-prepared TiO,.
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The photocatalytic activity of the different TiO, samples
was evaluated by the degradation of rhodamine B (RhB) dye as
well as phenol (Fig. S81) under visible light irradiation (A >
420 nm) (Fig. 3a). Only 37.8% RhB is degraded after 120 min by
the original TiO,. When lattice distortion is present in the TiO,
microspheres, the degradation rate of RhB slightly decreases,
indicating that lattice distortion due to the introduction of
chloride ions during the preparation of TiO, microspheres
fails to enhance the photocatalytic activity of TiO,. After
introducing Ti*" defects, 47.9% RhB is degraded after 120 min
using the same reaction conditions, whereas TiO, with both
distortion and defects achieved a degradation of more than
75%. The degradation rate increases dramatically from 38 x
107* t0 95 x 10* s~* from TiO, with just defects to TiO, with
both distortion and defects, displaying that the activity is
nearly three times higher when both lattice distortion and
defects exist in TiO, microspheres (Fig. S51). The transient
photocurrent response spectra (Fig. 3b) reveal that lattice
distortion elevates the photocurrent from 1.78 to 15.56 pA
cm™? in the TiO, microspheres, while Ti*" defects elevate the
photocurrent density to 53.78 pA cm ™. Even though the lattice
distortion has no contribution on the improvement of visible
light photocatalytic activity, the increase of photocurrent
suggests that lattice distortion in TiO, could efficiently supress

RSC Adv., 2017, 7, 32461-32467 | 32463
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the recombination of electron-hole pairs.*® The existence of
both lattice distortion and Ti*" defects elevates the photocur-
rent density to 80 uA cm™>. The larger the photocurrent value,
the higher the charge separation efficiency. Thus, it can be
concluded that the introduction of Ti** defects facilitates the
separation of photoelectrons and holes, which is in accor-
dance with the study of Cai et al.>* Considering the effect of
surface area, as listed in Table S1,t the TiO, with both defects
and lattice distortion possess lower surface areas than the
original TiO,, implying that the surface area is not the major
effect on the improvement of visible light photoreactivity. It is
thereby deduced that the enhancement in the photocurrent
generation can be mainly attributed to the existence of Ti**
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(a) The degradation of RhB and (b) photocurrent response of the different TiO, samples under visible light irradiation.

defects. The introduction of lattice distortion could not only
mitigate the recombination of photo-induced electron-hole
pairs,**** but was also found to be advantageous for the
generation of Ti*" defects. These results demonstrate that the
Ti*" defects play a dominant role in improving the photo-
reactivity of TiO, rather than lattice distortion, and
a combined effect of lattice distortion and Ti’" defects is
beneficial for the enhancement of visible-light-driven photo-
catalytic activity and photocurrent generation.

A schematic is presented in Fig. 4 to illustrate the contri-
bution of surficial lattice distortion to the formation of Ti**
defects. Previous work reported that the effect of adding
halogen ions during the sample preparation could tune the

TiO, with lattice distortion

longer bond length

Perfect crystal 6‘@,
structure of TiO,

Combined effect of lattice
distortion and Ti** defects

TiO, with Ti** defects
D Ti* ion

‘ Oxygen ion

Fig. 4 Schematic illustrating how lattice distortion contributes to the introduction of oxygen vacancies.

@ Ti* ion ‘ 1 ~ Oxygen vacancy
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surface morphology due to the higher electronegativity of the
halogen atoms,* " resulting in lattice expansion on the surface
of TiO,. This increased bond length would energetically favour
the generation of oxygen vacancies from TiO, due to a lower
bonding energy.*® Then the oxygen deficiencies transfers their
extra two electrons to the adjacent two Ti*" atoms to form Ti**.**
Hence, Ti** defects appear and the proportion of these defects is
increased for TiO, with increased amounts of lattice distortion.
Finally, the formation of Ti** defects for TiO, with lattice
distortion leads to the enhancement of photocurrent genera-
tion under visible light while also boosting the photocatalytic
activity of TiO,.

Fig. 5a displays the UV-vis diffuse reflectance spectra and
the color of the different TiO, samples. The color changes
from white to yellow, and a noticeable difference in the
absorption of visible light is observed when Ti*" defects exist.
Valence band (VB) XPS spectra (Fig. 5b) aided in determining
the band position for the different TiO, samples. The pure
TiO, shows a VB maximum energy of 3.10 eV below the Fermi
level. After Ti** defects were introduced,** an obvious
upward shift by 0.36 eV occurs in the VB while lattice distor-
tion only brings a slight upward shift by 0.14 eV. When both

View Article Online
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lattice distortion and defects exist, the VB top shifts to 2.64 eV
with a 0.46 eV shift from the original TiO,. After introducing
defects, a VB tail with a difference of 0.38 eV and 0.46 eV
appears in TiO, with and without lattice distortion, respec-
tively. The corresponding band gaps were calculated* to be
3.06 eV for the TiO, with lattice distortion, similar to the band
gap for the original TiO, The band gap was found to be 2.98 eV
after Ti*" defects were introduced (Fig. S61). It is thus deduced
that the Ti*" defects (rather than lattice distortion) lead to the
extension of the visible light absorption. The VB edge of TiO,
with Ti*" defects results in a narrower band gap and higher
visible light activity when compared to pristine TiO,, which is
in line with the results of Pan et al.*® A schematic illustration of
the energy band structure for the different TiO, samples is
presented in (Fig. 5¢). Due to the contribution of VB tails, the
band gap is narrowed to 2.60 eV and further to 2.52 eV as the
proportion of Ti** defects increases. Therefore, lattice distor-
tion has little influence on the visible light photoreactivity of
TiO,, while it benefits the migration and recombination of
electron-hole pairs, and both Ti*" defects and lattice distor-
tion, in turn, greatly improve the visible light photoreactivity
of TiO,.
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(a) UV-vis diffuse reflectance spectra. (b) Valence band XPS spectra of the different TiO, samples. (c) Schematic illustration of the energy
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Conclusions

In conclusion, lattice distortion was introduced to TiO, micro-
spheres by introducing chlorine during the hydrothermal pro-
cessing while defects (Ti*") were introduced by reduction with
ethylene glycol. Our results demonstrate the relationship
between lattice distortion and Ti*" defects for anatase, which
were strongly correlated with their photocatalytic properties.
The existence of Ti** defects was found to strengthen the
absorption of light in the UV and visible light regions and
further elevates the VB position, leading to overall improved
photocatalytic activity towards the degradation of RhB and
phenol under visible light irradiation. Our results also demon-
strate that defects and lattice distortion enhance the photo-
current generation of anatase TiO, under visible light. Ti**
defects are energetically favored over lattice distortion in TiO,
compared to that in pristine anatase TiO,. This study sheds
light on the mechanism for engineering materials with lattice
disorder and opens new opportunities for the design and
synthesis of high-performance photocatalysts and solar fuel
generation devices that operate under visible light irradiation.
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