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a b s t r a c t

TiO2 photoelectrodes with various nanostructures have been successfully prepared by the anodization

method. The morphology, microstructure and optical properties of as-prepared photoelectrodes were

studied by scanning electron microscopy (SEM), X-ray diffraction (XRD), ultraviolet/visible light diffuse

reflectance spectra (UV/vis/DRS), surface photovoltage spectroscopy (SPS) and photocurrent. The electronic

structure and optical properties of La doped/undoped TiO2 photoelectrodes with different crystal structures

were calculated by the density function theory. The photocatalytic and photoelectrocatalytic activities of

as-prepared photoelectrodes were evaluated. The results showed that the anodization potentials played a

crucial role in the surface morphology and microstructure. Both results of theoretical calculations and

experimental tests demonstrated that La-doped photoelectrodes were more sensitive to light than undoped

one. The difference of photoelectrodes performance was ascribed to the crystal configuration, impurity

energy levels and long-range orientation moving of photogenerated carriers.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

In the past three decades, TiO2 photocatalysts have been exten-
sively studied for water and wastewater treatment due to its optical
and chemical stability, cheap, non-toxicity and no secondary pollu-
tion [1–5]. Unfortunately, TiO2 photocatalyst can only be activated
by UV radiation (lo380 nm), which occupies only less than 5%
of the solar irradiance at the Earth’s surface [6]. For the sake of
improving the utilization of sunlight, many methods have been
studied, including transition metal and rare earth element doping
[7,8], noble-metal deposition [9], non-metals doping [10–12], semi-
conductor coupled [13], sensitization [14,15], etc. [16]. Rare metals
[17–20] have been widely used to improve the photocatalytic (PC)
activity of TiO2 photocatalysts, in order to expand the optical
absorption range.

It was well known that Lanthanide ions could form complexes
due to the interaction of various Lewis bases (e.g., acids, amines,
aldehydes, alcohols, thiols, etc.), and the f-orbital of lanthanides,
that could improve the adsorption of organic pollutants on
catalyst surface [21,22]. Therefore, the incorporation of lantha-
num into TiO2 photocatalysts might facilitate to enhance the PC
and photoelectrocatalytic (PEC) performance. Lanthanide-doped
ll rights reserved.

Y. Xin),
nanoparticles have attracted extensive attention for their unique
properties and prospective application in photocatalysis [21,23,
24], optical materials [25] and photonic band gap materials [26].
Lanthanide-doped TiO2 particles could be prepared by many meth-
ods, for example, sol–gel method [18,27], plasma spray method [28],
sol-microwave method [29], hydrothermal method [30], magnetron
sputtering method [31]and pulsed laser deposition [32]. However,
little reports about the relation of microstructure and PC perfor-
mance of La-TiO2/Ti photoelectrodes, in particular La-doped photo-
electrodes, are prepared by the anodic oxidation technology.

In recent years, CASTEP codes based on density functional
theory (DFT) were successfully used to study the crystal structure,
electronic structure and optical properties [33,34]. So far, many
researchers have carried out many investigations about TiO2 photo-
catalyst by the density function theory [35], but few researchers
focused on the relationship between crystal phases and PEC perfor-
mance of La-TiO2 photoelectrodes. In particular, to the best of our
knowledge, there are no reports about the systematic investigation
of the correlation between the band gap, optical properties and PC
and PEC degradation rates of organic pollutants using La-TiO2

photoelectrodes with different crystal structures. To fundamentally
understand such structure–activity relationships, it was important
to provide deep insights into the microstructure and PC and PEC
activities of La-doped/undoped TiO2 photoelectrodes.

In present research, La-TiO2 photoelectrodes were successfully
fabricated by the anodic oxidation method in La(NO3)3 solution.
The crystal structure, electronic structure, optical properties and
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www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2011.10.017
mailto:xintom770824@yahoo.com.cn
mailto:hlliu2002@163.com
dx.doi.org/10.1016/j.jssc.2011.10.017


Y. Xin, H. Liu / Journal of Solid State Chemistry 184 (2011) 3240–3246 3241
photocatalysis performance were systematically investigated by
the theoretical and experimental methods. The effect of La ion on
the structure–activity relationships of La-TiO2 photoelectrodes was
discussed. It would be a potential method for practical application
in environmental sciences and mechanism analysis of PC and PEC
properties of modified TiO2/Ti photoelectrodes.
2. Experimental methods

2.1. Chemicals and materials

Titanium (Ti) foils (purity499.7%, 0.2 mm thickness) were
purchased from Baoji Titanium and Nickel Manufacture Limited
Company, China. Other chemicals were obtained as analytical
reagent grade and used without further purification. The sample
solutions were prepared with deionized water.

2.2. Sample preparation and characterization

Pure TiO2/Ti photoelectrodes were fabricated in a dual-electrode
reaction chamber, in which the cleaned Ti sheet and copper foil of
the same size were used as the anode and cathode, respectively.
Two electrodes with a distance of 3 cm were submerged in 0.5 mol/L
H2SO4 solution. Current density of 100 mA/cm2 was provided
from the beginning of the oxidation reaction until the voltage
reached the determined value (120 V, 160 V and 200 V). The total
reaction time was 10 min. The samples were immediately rinsed
with deionized water and dried in 378 K for 30 min. La-TiO2

photoelectrodes were fabricated using the same method in the
mixed solution of 0.5 mol/L H2SO4 and 1 g/L La(NO3)3. La-doped
and undoped TiO2/Ti photoelectrodes prepared in different voltage
were labeled as La-120, La-160, La-200, P-120, P-160 and P-200 (the
number denoted the voltage).

Surface morphology of as-prepared photoelectrodes was stu-
died by the scanning electronic microscopy (SEM, S-4700-Japan).
Crystal structure was examined using a D/max-rB X-ray diffrac-
tion (XRD) with CuKa radiation (l¼1.54050). Measurements were
performed at 0.021 intervals of 2y over the range of 10–901. The
composition and bonding energy of La ion on the surface of the films
were detected by an X-ray photoelectron spectroscopy (XPS, PHI
5700 ESCA system spectrometer) using AlKa X-ray (1486.6 eV) at
15 kV and 100 W. The binding energy was referenced to the C1s peak
at 284.8 eV for calibration. Diffuse reflectance spectra (DRS) were
recorded using a Lambda 900 UV–vis spectrophotometer (Perkin
Elmer Company) with a diffuse reflectance accessory. The surface
photovoltage spectroscopy (SPS) was tested in Jilin University.
Photocurrent was investigated using the CHI EC analyzer (a Model
263A Potentiostat/Galvamastat, America) in standard three-electrode
system. TiO2 photoelectrode, Pt foil and a saturated calomel electrode
(SCE) were used as photo-anode, counter electrode and the reference
electrode, respectively. 35 W Xenon light, which mainly provided
light wavelength in 380–800 nm, was used as artificial solar light. All
experiments were performed at 298 K.

2.3. PC and PEC activity evaluation

PC and PEC performance of as-prepared photoelectrodes were
evaluated by discoloration rate of Rhodamine B (Rh.B) in a single-
compartment cylindrical quartz reactor. The photoelectrode with
an active area of 2.5 cm2 is immersed in 5 mg/L Rh.B solution.
Prior to illumination, the sample solution was stirred for 30 min in
dark to reach the adsorption/desorption equilibrium. The concen-
trations of Rh.B were analyzed by the UV/Vis spectrophotometer
(UV2500, SHIMADZU).
2.4. Calculation details

All calculations were carried out by CASTEP code, which was
based on the density functional theory (DFT) approach. The exchange
and correlation interactions were modeled using the generalized
gradient approximation (GGA), together with the Perdew–Burke–
Ernzerhof (PBE) [33,35] exchange-correlation functional and ultrasoft
pseudopotentials. The core electrons were replaced by the ultrasoft
core potentials, and the valence atomic configurations were 3p63d2

4s2 for Ti, 2s22p4 for O and 5p65d16s2 for La.
For the sake of comparison, 48-atom supercells were used to

construct all calculation models. One titanium atom in the super-
cell was replaced by a lanthanum atom for La-doped TiO2 model.
The cut-off energy of 340 eV and a 3�3�3 k-point set centered
at point are sufficient to make the total energy converge to within
a tolerance of 10�6 eV/atom. The lattice parameters and the
atomic positions were fully optimized until all components of
the residual forces were smaller than 0.05 eV/Å.

In order to compare conveniently the band structure and
optical property of La-doped and undoped TiO2 photoelectrodes,
the same optimization and calculation conditions were used.
‘‘Scissors operators’’ [36] were introduced to shift all the conduc-
tion levels to meet with the measured value (3.2 ev for anatase
TiO2 and 3.0 eV for rutile TiO2). A rigid ‘‘scissor operator’’ correc-
tion of 1.0 eV was applied for anatase TiO2 (P-120 and La-120)
photoelectrodes and 1.1 eV was applied for rutile TiO2 (P-200 and
La-200) photoelectrodes in order to keep consistency with the
experimental value.
3. Results

3.1. Morphology and structure characterization

Fig.1 showed the morphology of as-prepared photoelectrodes. The
average aperture of La-120, La-160 and La-200 photoelectrodes were
�90 nm, �200 nm and �500 nm, which were similar to P-120,
P-160 and P-200 photoelectrodes, respectively (the latter were not
shown). The results showed that the samples have rough and porous
surface and the average aperture increased with the voltage.

The results in Fig. 2 showed XRD patterns of as-prepared
photoelectrodes (the XRD pattern of P-120 photoelectrodes was
similar with La-120 photoelectrodes, also P-200 and La-200
photoelectrodes). The results in Fig. 2 indicated that the fraction
of rutile TiO2 increased with the voltage, and the crystal struc-
tures of La-120 were mainly composed of anatase TiO2, while
La-200 photoelectrodes were mainly composed of rutile TiO2. So
La-120 was used to stand for La-doped anatase TiO2 models and
La-200 was used to represent La-doped rutile TiO2 models. P-120
and P-200 stand for pure anatase and rutile TiO2 model, respec-
tively. According to the characteristic peaks, both La-160 and
P-160 photoelectrodes were composed of mixed anatase and
rutile TiO2; however, the fraction of rutile TiO2 in La-160 photo-
electrodes was lower than that in P-160 photoelectrodes. For the
mixed crystal photoelectrodes, the fraction of rutile TiO2 could be
estimated according to the literature [28]. The calculation results
showed that the fraction of rutile TiO2 in La-160 photoelectrodes
was 38%, while that in P-160 photoelectrodes was 45%. The results
indicated that La doping inhibited the transformation of anatase
TiO2 to rutile phase TiO2 [27]. The XPS results in Fig. 3 showed that
the lanthanum does exist in the La-doped TiO2 photocatalysts as
oxides La2O3. The binding energy of 835.1 eV and 852.7 eV corre-
sponded to La3d5/2 and La3d3/2 energy level, respectively. At the
interface, titanium atom might substitute lanthanum atom in the
lattice of La2O3 alternatively, and a Ti–O–La bond could be formed.



Fig. 1. SEM of La-doped and undoped TiO2 photoelectrodes prepared at different voltages. (a) La-120, (b) La-160, (c) La-200 and (d) P-160.
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Fig. 2. XRD patterns of La-doped and undoped TiO2 photoelectrodes prepared at

different voltages.
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Fig. 3. XPS spectra of La in La-TiO2 photoelectrodes.
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3.2. Band structure and optical absorption properties

In order to elucidate the roles of crystal structure and La ion in
TiO2 photoelectrodes, we calculated the electronic structures and
optical properties of P-120, P-200, La-120 and La-200 photoelec-
trodes. The curves of them were plotted in Figs. 4 and 5.

The results in Fig. 4 showed that P-200 photoelectrode has a
direct gap at G point, while P-120 photoelectrode has an indirect
one between G and F, which were in accordance with the
previously reported results [33]. The results also showed that
La-200 photoelectrode has a direct gap at G point and La-120
photoelectrode has an indirect one between G and Z. For La-120
and La-200 photoelectrodes, the band gap narrowed to 0.3 eV and
0.2 eV comparing with their undoped photoelectrodes, respec-
tively. On La-TiO2 photoelectrodes their 4f and 5d states formed
the impurity energy levels (IELs). The IELs did not occur in the
middle of band gap like nonmetal-doped TiO2, while located at
the middle of CB and VB [37]. So the width of CB and VB were
broadened and the band gap of La-TiO2 photoelectrode became
narrower. Thus the absorption edges of TiO2 photoelectrode
would red-shift toward visible-light region. Another important
feature was that Fermi level crossed the top of VB, so it was not
fully filled with electrons at the ground state.

Optical properties of P-120, P-200, La-120 and La-200 photo-
electrodes were plotted in Fig. 5. The results demonstrated that
La-120 and La-200 photoelectrodes showed a little red-shift to
400 nm comparing with P-120 and P-200 photoelectrodes,
respectively. The absorption coefficient of P-200 photoelectrode
was higher than that of P-120 photoelectrodes in the whole light
spectrum. It was interesting that the absorption coefficient of La-200
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Fig. 4. Band structure of P-120, P-200, La-120 and La-200 photoelectrodes.
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photoelectrode was higher than that of La-120 photoelectrode in
ultraviolet region, but it was reverse in visible region. The results in
Fig. 4 indicated that La-doped TiO2 photoelectrodes were more
sensitive to light than that of the undoped one. The photoresponse
would be another important factor to influence the results of UV/vis/
DRS, SPS and photocurrent of TiO2 photoelectrodes, as well as PC and
PEC activity. In order to verify the theoretical analysis results, the
optical properties and PC activity of La-doped and undoped photo-
electrodes were carried out by experimental tests in the later part.

3.3. Optical and photoelectrochemical properties

The optical and photoelectrochemical properties are regarded as
key parameters to characterize the photoactivities and the photo-
electrochemical properties. UV/vis/DRS and SPS could detect optical
absorption property due to the drift, accumulation and recombination
of photogenerated carriers. The photocurrent could show the
properties of light-induced charge transfer between the electrode
and solution interface. The results of UV/vis/DRS, SPS and photo-
current were presented in Figs. 6–8.

The results of UV/vis/DRS in Fig. 6 shows that in the whole
light region, the absorption intensity of La-160 photoelectrode
was stronger than P-160 photoelectrode, which indicated that
La-doped TiO2 photoelectrode was more sensitive to solar light
than undoped one. In the meantime, a shift of the absorption
threshold toward the visible region was observed for La-160
photoelectrode. The SPS results in Fig. 7 shows that La-160
photoelectrode displayed stronger SPS signal than that of P-160
photoelectrode in ultraviolet and visible region. The results of
photocurrent–time curves in Fig. 8 verified that La doped photo-
electrode have higher transfer efficiency of the photogenerated
electrons. All the results of Figs. 6–8 corresponded to the theoretical
calculation result shown in Figs. 4 and 5.
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The results in Figs. 6–8 showed that the conclusions of UV/vis/
DRS, SPS and photocurrent were consistent and La ion would
improve light response of TiO2 photoelectrodes. All conclusions
implied that La ion in the lattice of TiO2 facilitated to improve PC
and PEC activities of TiO2 photoelectrodes.

3.4. Evaluation of PC and PEC activity

The results in Fig. 9 showed Rh.B discoloration rate as a
function of time of La-120, La-160, La-200, P-120, P-160 and
P-200 photoelectrodes. The results showed that all photodisco-
loration rates increased gradually with the increase of illumina-
tion time. After 120 min Rh.B photodiscoloration rates of La-120,
La-160, La-200, P-120, P-160 and P-200 photoelectrodes were
22.5%, 53.7%, 42.4%, 20.1%, 45.7% and 23.7%, respectively. The
photodiscoloration rate of La-200 photoelectrode increased about
19% than that of P-200 photoelectrode, and that of La-160
photoelectrode was 8% higher than P-160 photoelectrode. The
results showed that La doping could improve PC activity of as-
prepared photoelectrodes. The results in Fig. 9 also show that
Rh.B photodiscoloration rates of La-160 and P-160 photoelec-
trodes were higher than that of La-120, La-200, P-120 and P-200
photoelectrodes. When the optimized assistant potential of 1.0 V
was applied, Rh.B photodiscoloration rates of La-160 and P-160
photoelectrodes achieved 70% and 66.5% after 120 min, and the
photodiscoloration rate enhanced by 16.3% and 20.8% than that of
no assistant potentials, respectively. In the meantime, the differ-
ence of Rh.B photodiscoloration rates between La-160 and P-160
photoelectrodes changed from 8% to 3.5% after the assistant poten-
tial was applied. In general, the trend of photodiscoloration rates
of Rh.B as a function of time was La-160-PEC4P-160-PEC4
La-1604P-1604La-2004La-120EP-2004P-120.
4. Discussions

The results of PC and PEC experiments showed that Rh.B
discoloration rates of as-prepared photoelectrodes presented
significant difference. In order to provide deep insights into the
diversity, the crucial factors in details were elucidated based on
our results.

Many researchers believed that the incorporation of lanthanide
ions into TiO2 lattice could provide a larger specific surface area
[24,30] and concentrate organic pollutant [27] at the semiconductor
surface than pure one, which might lead to excellent physicochem-
ical properties and catalytic behavior. However, our adsorption
experiments indicated that the adsorptions of Rh.B (not given in
the paper) on La-doped and undoped TiO2 photoelectrodes have no
obvious difference. Thus, in our experiments the difference of
adsorptions was not crucial factor on PC and PEC activity.

Xu et al. [28] and He et al. 38] thought that it was difficult,
even impossible [39], for La ion to replace Ti ion in the lattice of
TiO2, because the ionic radius of La ion (0.106 nm) was much
larger than that of Ti ion (0.068 nm), thus La ion was mainly present
in the surface layer of TiO2. The results might be attributed to the
specific synthesis route that their La-TiO2 catalysts were fabricated
by TiO2 supported Lanthanum compounds and followed by sinter-
ing. Under such a moderate multi-step method the La ion would
difficultly, even impossibly transfer from the interface into the
lattice of bulk TiO2 to replace Ti ion. Though the radius of La ion is
much larger than Ti ion (0.068 nm), it is still smaller than oxygen
(0.14 nm). Hence according to the literatures [18,27] and the rule of
similarity, under suitable conditions, i.e. in high temperature or high
voltage, La ion could enter into TiO2 lattice to substitute for Ti ion
evenly and could form Ti–O–La bond [27,38] and form limited solid
solutions. In our experiments, TiO2 photoelectrodes were fabricated
in La(NO3)3 electrolytes by the one-step anodization method. Under
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located high temperature originated from high voltage, La ion would
smoothly enter into the interior of TiO2 film rather than only located
at the two interfaces. Thus the replacement of Ti ion in the lattice of
TiO2 would be accessible. In XRD results the crystal of La2O3 were
not detected, while our X-ray photoelectron spectroscopy demon-
strated the presence of La ion. The absence of crystalline La and
lanthanide oxide phase might be due to the incorporation into TiO2

lattice and formed Ti–O–La bonds. It was known that La2O3 showed
no PC activity [18], however in our experiments all UV/vis/DRS, SPS
and photocurrent test verified that La-TiO2 photoelectrodes have
superior performance than undoped one. These results indicated
that Ti–O–La bonds might have been formed at the interface.

The La ion in the Ti–O–La bond would disturb the charge balance,
which would influence the surface chemical state of La-TiO2 photo-
electrodes. The charge imbalance, caused by the difference of valence
state, could facilitate hydroxide ions to adsorb on the surface [30],
which could accept holes generated by irradiation, and form hydroxyl
radicals. Therefore, the recombination of photoinduced charges could
be suppressed. At the same time, the modification of La3þ would
provide a limited amount of O2

� and Ti3þ species, which could trap
photogenerated holes, on the surface or in bulk TiO2. Ti4þ species and
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Scheme 1. Mechanism of photophysical chemistry processes in as-prepared TiO2 photo

photoelectrodes; (B) movement of photoelectrons and holes without bias potentials; (

(c) were the transmission of photogenerated electrons and holes of local enlargement

P-200 (rutile TiO2) photoelectrodes; (b) photoelectrons movement in La-120 (anatase TiO

band (VB) and the bottom of conduction band (CB) of pure photoelectrodes; (c) photoele

The number refers to as follows: (1) transmission process of photoelectrons and hole

moving direction of photoelectrons.
surface oxygen vacancy could trap photogenerated electrons and
formed Ti3þ and anions O2

� , respectively [22,30]. The capture of
carriers could prolong their lifetime and inhibit the recombination of
photogenerated electron–hole pairs, thus enhanced PC and PEC
activity of La-TiO2 photoelectrodes.

According to XRD patterns, the content of rutile TiO2 in La-TiO2

photoelectrodes increased from 0% to 94% in company with the
voltage changed from 120 V to 200 V, which were different from
other conclusions that the crystal structures were mainly com-
posed of anatase phase even in the high temperature of 800 K [5].
Furthermore, the anodization voltage played a crucial role in
crystal structures of TiO2 photoelectrodes and could alter crystal
phase from anatase TiO2 to rutile TiO2. It was well known that the
band gap of rutile TiO2 was narrower than that of anatase TiO2.
Therefore, the photoresponse of rutile TiO2 could be stronger than
that of anatase TiO2 under artificial solar light, which was
responsible for the higher discoloration rate of La-200 photoelec-
trode than that of La-120 photoelectrode, and also that of P-200
photoelectrode and P-120 photoelectrodes.

As deduced from XRD spectra of La-160 and P-160 photoelec-
trodes, the fraction of rutile TiO2 in La-160 photoelectrodes
electrodes. The overall scheme of TiO2 photoelectrodes: (A) microstructure of TiO2

C) movement of photoelectrons and holes at applied bias potentials; (a), (b) and

of (B) (dot line circle): (a) photoelectrons movement in P-120 (anatase TiO2) and

2) and La-200 (rutile TiO2) photoelectrodes, the dot line denotes the top of valence

ctrons movement in P-160 and La-160 TiO2 photoelectrodes (mixed crystal phase).

s; (2) recombination process of photoelectrons and holes. Arrows represent the
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decreased from 45% to 38% due to the effect of La ion in the lattice of
TiO2. The results indicated that La ion inhibited the transformation
from anatase to rutile TiO2 [8]. For La ion was more electropositive
than Ti ion, it would render its electronic concentration to O2

� and
strengthen the Ti–O bond between the less electropositive Ti4þ ions.
Thus the Ti–O bond would be difficult to break than that of pure
one, and the A–R transition was retarded. Our conclusions were in
general agreement with the literature reports [8,27], except that the
rutile TiO2 still accounted for a large proportion in our sample. The
mixed crystal structure would constitute self-semiconductor cou-
pling effect, which could promote the separation efficiency of
photogenerated electrons–holes pairs, and then produced much
more oxygen species to improve PC activity of La-160 and P-160
photoelectrodes. The co-effect of self-coupling effect and La ion
made La-160 photoelectrodes have highest discoloration rate in as-
prepared photoelectrodes. When assistant potential was applied, the
moving direction of photogenerated electrons and holes altered
from random to long-range orientation under the influence of
electric field, which decreased greatly the recombination opportu-
nities of them. So Rh.B discoloration rates of La-160 and P-160
photoelectrodes would be improved.

Taking into account the former results, the effect of La IELs,
self-semiconductor coupling and long-range orientation of photo-
generated carriers originated from applied electric field would be
responsible for the trend of PC and PEC activity of as-prepared
TiO2 photoelectrodes. The possible transmission of photogener-
ated charges and degradation pathway of Rh.B could be summar-
ized in Scheme 1. La IELs reduced the band gap of La-120, La-160
and La-200 photoelectrodes (Scheme 1(a) and (b)) and improved
photoresponse in visible light, thus PC activities were promoted.
The mixed crystal structure could facilitate the separation of
photogenerated electrons and holes due to the self-semiconduc-
tor coupling effect (Scheme 1(c)), which was responsible for
the higher PC performance of P-160 photoelectrode. La-160
photoelectrode has the highest photodiscoloration rate of Rh.B
in all as-prepared photoelectrodes due to the cooperation of
band gap narrowing, enhanced photoresponse and mixed crystal
structure. When there was no applied potentials La IELs and self-
coupling effect were responsible for the separations of photo-
generated charges. When the assistant potential was applied the
moving direction of photogenerated electrons and holes would
alter from random to orientation under the effect of electric field
(Scheme 1(A)–(C)), thus the recombination opportunities of
photogenerated carriers were reduced greatly. In conclusion, the
effects of the former reasons were responsible for the discrepancy
of PC and PEC performance of La-120, La-160, La-200, P-120,
P-160 and P-200 photoelectrodes.
5. Conclusions

In this study, La-120, La-160, La-200, P-120, P-160 and P-200
photoelectrodes have been successfully prepared by the one-step
anodization method. Voltage was a crucial factor in the crystal
structure. La-doped TiO2 photoelectrodes have a narrower band
gap and could improve photoresponse of TiO2 photoelectrode in
visible light. La-IELs, anatase/rutile self-coupling effect and assis-
tant potential could promote the separation efficiency of photo-
generated electrons and holes.
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