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Abstract: A sol-gel method was used to prepare La*'-doped TiO, nanopowders. The sample was characterized with XRD, TEM,
HRTEM, STEM-EDS, XPS and ultraviolet-visible (UV-Vis) spectroscopy. The changes of the La*'-doped TiO, in the phase

transition were discussed on the aspects of its phase composition, the average grain size, the microstructure, the chemical states and

UV-Vis absorption spectroscopy. The results show that doping with La®* significantly suppresses the phase change and grain growth

of TiO,. It effectively improves the TiO, dispersibility and reduces the average particle size of TiO,. With the increase of the

calcination temperature, the second phase LasTij9O,4 gradually precipitates from the La*’-doped TiO, and forms an incoherent

interface with the brookite TiO, phase, which precipitates in the form of irregular spheres on the surface of the TiO, base. Secondary

phases are originated from segregation of point defects La, at grain boundaries in La*" doped TiO,. The segregation driving force

is mainly the elastic strain energy. With the increase of calcining temperature, the atomic fraction of the Oys in the La**-doped TiO,

gradually decreases, and that of the Lasq gradually increases. There is an energy loss peak at the higher binding-energy side of the

main peak of the Lasg, and Ti®" exists after the calcination. La®” doping makes the optical absorption band edge of the TiO, red-shift.

But with increasing the calcination temperature, the optical absorption bandedge blue shifts.
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TiO, has the characteristics of chemical stability, non-
toxicity, and low cost. It is widely used in the fields such as
photocatalysis, photovoltaic, and gas sensor''>!. However, its
solar energy conversion efficiency is low. It is easy for the
photo-generated electrons and holes to recombine, which
restricts the further improvement of its photocatalytic
activity™”. In other words, the performance of TiO, is
determined by its properties such as lattice type, specific
surface area, dispersibility, and band structure. Wang et alt
found that the mixed-type TiO, had better photocatalytic
performance than the one with a single anatase phase in the
study of the relationship between the phase change and the
photocatalytic activity. But when the rutile phase was over a
certain value, the photocatalytic activity decreased with the
content increase of the rutile phase. The smaller the TiO,

Received date: February 22, 2019

particle size and the bigger the specific surface area, the
smaller the probability of the electron-hole recombination, and
the higher the photocatalytic activity'®. At the same time, due
to their superhydrophilic properties, the TiO, particles easily
aggregate under the van der Waals forces in liquid medium. In
addition, TiO, has a wide energy band gap and only absorbs
UV light, which are the shortcomings that significantly restrict
its application.

At present, doping with rare-earth ions is one of the often
used methods to improve the properties of TiO, !, Yue et al"”
thought oxygen vacancies were generated when the rare-earth
ions mainly with a single valence state or +3 valence states
(for example, La’*, Gd*", and Y*") substituted Ti*" by diffusing
into the lattice. It enhanced the phase change and grain growth
of the rutile phase, and increased the photocatalytic activity of
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the TiO, suspension system. For variable-valence rare-earth
jons (for example, Ce*", Tb’", and Eu’"), a redox reaction
occurred at the surface of the TiO, lattice, which produced
oxygen vacancies or interstitial titanium. Then, it further
affected the photocatalytic activity. Ranjit et al™ found that
doping with rare-earth ions such as Eu’’, Pr'’, and Yb*
suppressed the phase change of TiO, from anatase to rutile
phase, and enhanced the photocatalytic degradation of organic
compounds containing carboxyl groups to some extent.

It can be seen that the photocatalytic performance of TiO,
powder was significantly affected by the lattice defects and
surface effects generated by the factors such as the phase
composition, the doping element, and the grain size'.
However, scholars currently have been focusing on the
research of the effect of chemical composition of TiO, on its
photocatalytic performance. There is rarely any systematic
report on the effect of ion doping on the changes of lattice
type and grain size of the TiO, photocatalyst''”. Hence, it has a
certain guidance to adjust the TiO, performance by studying
the mechanism and the controlling condition of the TiO, phase
change!'".

In this work, a sol-gel method was used to make un-doped
TiO, powders and doped TiO, powders with 5 mol% La**. The
samples were characterized with XRD, TEM, STEM,
STEM-EDS and UV-Vis absorption spectroscopy for the
phase change process of the La’*-doped TiO,. Discussions
were made on the changes of the phase composition, the
microstructure, the chemical states and the optical absorption
band edge in the phase transition of the La**-doped TiO,. This
work started from the phase change process of TiO,. The effect
of La’” on the TiO, nanopowder was discussed to provide a
basis for its applications in the field of photocatalysis.

1 Experiment

1.1 Sample preparation

At first, solutions A and B were prepared as follows. For
the type A, 3 mL concentrated nitric acid, 9 mL deionized
water and 50 mL ethanol were mixed. And 25 mL tetrabutyl
titanate and 50 mL ethanol were mixed as the type B.

When preparing the un-doped TiO, powder, add the
solution A drop by drop into the stirring B to form sol-gel,
which was then aged for 48 h. The sol-gel was dried at 100 °C
for another 48 h to have dry gel. Finally, the samples of the
dry gel were calcified for 30 min at 400, 450, 500, 550 and
650 °C. The required un-doped TiO, powder was obtained
after cooling in the furnace.

For the preparation of the La’*-doped TiO, powder, 5 mol%
La’* was dissolved into the solution A to form the liquid D.
Then the liquid D was added drop by drop to the stirring
solution B to form sol-gel. The sol-gel was then aged for 48 h,
and then dried for 48 h at 100 °C to become dry gel. At last,
the samples of the dry gel were calcified for 30 min at 550,
650, 750, 800, 850 and 900 °C. The desired powder of TiO,

doped with 5 mol% La’" was obtained after cooling down in
the furnace.

1.2 Sample measurements

1.2.1 X-ray diffraction (XRD)

An X-ray diffractometer (XRD, model D/max-2200) was
used to analyze the phase transition temperature, the phase
composition and the average grain size of the sample. The
working voltage and the tube current of the XRD were 36 kV
and 30 mA, respectively. The wavelength of the Cu Ka
radiation was 0.1504 nm. The scanning speed was 10°/min.

The grain size was estimated with the Scherrer formula,

which is expressed with the following:
0.94

pcosd
In Eq.(1), D is the average grain size (nm), 1 is the wavelength
of the incident X-ray (0.1504 nm), § is the full-width-at-half-
magnitude (FWHM) of the diffraction, and 8 is the diffraction
angle of the diffraction peak.

D=~ (D

Using the R; (the reference intensity) as the basis (called //1,
value), the phase composition of the sample was calculated
with Eq. (2)!'"* according to the theory and method of R;
quantitative phase analysis:

X, =R @

In Eq.(2), I; is the measured relative intensity of the phase
composite 7, and X; is the mass fraction of the composite i.
1.2.2  X-ray photoelectron spectroscopy (XPS)

A XPS (model PHIS000 Versaprobe-II) was used to analyze
the change of the chemical states of the La’"-doped TiO,. The
XPS was excited with an Al Ka radiation (1486.6 eV) at a
power of 50 W. The C 1s(284.8 eV) of the carbon contami-
nation was used for the charge correction of the binding
energy (BE).

1.2.3 Transmission electron microscopy (TEM)

A field emission TEM with scanning transmission mode
(STEM, model Tecnai G2 TF30 S-Twin) was used to conduct
energy dispersive analysis (STEM-EDS) with the EDAX
X-ray spectrometer installed on the machine.

A small amount of the powder to be measured was put in
ethanol and shocked in an ultrasonic cleaning machine for 10
min to obtain the powder suspension for measurement. The
suspension liquid was dropped onto a copper net strengthened
with the carbon collodion membrane support. After drying, the
sample was analyzed as follows. With the field-emission TEM
(model Tecnai G2 TF30 S-Twin), the morphology was observed
under the modes of TEM and high-resolution TEM (HRTEM).
The morphology of the second phase was observed under the
STEM mode. The STEM-EDS was used to characterize the
elemental composition of the sample surface. The point
resolution of the field emission TEM was 0.205 nm, and its line
resolution was 0.102 nm, at an accelerating voltage of 300 kV.



Yan Jikang et al. / Rare Metal Materials and Engineering, 2020, 49(2): 0465-0475

1.2.4 UV-Vis spectrometer

A UV-Vis spectrometer (model U-4100) was used to
analyze the absorption spectroscopy of the sample. The
scanning wavelength range was 200~700 nm. The band gap of

the sample was calculated by Eq.(3):

1240
A= E(eV) )

2 Results and Discussion

2.1 Phase analysis

Fig.1 is the XRD patterns of the samples, while Table 1
shows their phase composition while Table 2 summarizes
their average grain size. It can be seen from the combination
of Fig.1, Tables 1 and 2 that the calcination temperatures of
TiO, mainly locate in the range of 400~650 °C for the
formation and completion of the rutile phase. The calcination
temperatures of the La**-doped TiO, are mainly in the range
of 750~900 °C. Doping with La’" suppresses the phase
transmission and grain growth of TiO,, and 2.3 wt% of the

second phase La,TiyO,, precipitates after calcination at 750 °C.

The precipitation is a compound with La,Ti,O; as the
principal crystalline phase. The second phase has pinning
effect on the grain boundary and grain size, and blocks the
movement of the TiO, grain boundaries. Hence, it suppresses
the phase change of TiO,"*).
2.2 Microstructure analysis

Fig.2 is the TEM images of the un-doped TiO, after 550 °C
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Table 1 Phase composition of the sample

Sample

Calcination

Content/wt%

temperature/°C  Brookite

Anatase Rutile LasTigO4

400 42.6 57.4 0
450 40.8 57.8 1.4
TiO» 500 0 87.3 12.4
550 0 34.1 65.9
650 0 0 100
550 70.1 29.9 0 0
650 42.5 57.5 0 0
La**- 750 33.3 467 177 2.3
TiO» 800 20.1 423 34 3.6
850 0 9.3 68 22.7
900 0 0 72.2 27.8
Table 2 Average grain size of the sample
Calcination Crystallite size/nm
Sample - - -
temperature/°C  Brookite Anatase Rutile LasTioOa4
400 14.7 8.8 -
450 25.6 27.5 -
TiOs 500 - 15.8 28.2
550 - 259 435
650 - - 45.7
650 10.1 10.1 - -
La®. 750 11.1 11.1 25.9 -
Ti0, 800 - 16.5 27.6 -
850 - - 26.1 21.5
900 - - 40.4
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Fig.1 XRD patterns of the samples: (a) TiO, and (b) La**-doped TiO,
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Fig.2 TEM images of the un-doped TiO; calcinated at 550 °C
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calcination. Fig.2a shows that the average particle size of the
un-doped TiO,is 165 nm. Fig.2b indicates many small grains
aggregate to form a big particle for the un-doped TiO,, which
is due to the superhydrophilicity of TiO, itself. TiO, particles
easily aggregate under the van der Waals forces in the liquid
medium.

Fig.3 is the TEM images of the La’’-doped TiO, after
calcination at 750 °C. In Fig.3a, the bigger particle of the
La*"-doped TiO, has an average size of 79 nm, showing the
significant decrease in the average particle size of the
La3+-d0ped TiO,. It can be seen from Figs.3a~3c that the
particle size of the La’’-doped TiO, has a non-uniform
distribution. Since the activation energy of the reaction is bigger
for a small particle than for the big one, the transformation from
the anatase phase to the rutile phase can occur at a lower
temperature for small particles. The phase change of a big
particle can only happen at higher temperatures''?. Therefore,
the phase change process of the La’"-doped TiO, occurs in a
wide range of temperatures. Fig.3d indicates the dispersibility of
the La’*-doped TiO, is significantly improved. It is the pinning
effect of the second phase on the grain boundary and the grain
size that suppresses the movements of the TiO, grain boundaries,
which improves the TiO, dispersibility!"*".

Fig.4 is the HRTEM images and SAED patterns of the
La*"-doped TiO, calcinated at 750 °C. In Fig. 4a, the crystal
plane distance is shown as 0.211 and 0.240 nm, and the crystal
surface corresponds to the (5111) and (152) planes of La,TigO,,.

50 nm,

The crystal planes with the interplanar distance of 0.240 and
0.346 nm correspond to (131) and (111) planes of the brookite
TiO,, respectively. Therefore, the La,TisO,4 phase with a
crystal zone axis [17914] and the brookite TiO, with a crystal
zone axis [101] forms an incoherent interface. In Fig.4b, the
brookite has (111) and (131) faces, while the La,TisO,, has
(004), (400), (771), (462), (152) and (5111) faces. The
planes with an interplanar distance of 0.187, 0.357 and 0.363
nm are the (771), (400), and (004) planes of La;TigOy,.

It can be seen that it is easy for La,TisO,4 to form an
incoherent interface with the brookite TiO,. The La,TisO,, and
brookite TiO, belong to the orthorhombic system with a large
mismatch between their lattice constant. In order to lower the
interface energy at the incoherent interface, La,TigOy will
precipitate at the interface.

Fig.5 includes the STEM-EDS images of the La*"-doped
TiO, calcinated at 750 °C. Figs.5a, 5c, and 5e are the STEM
images from the field-emission TEM under the scanning
transmission mode. The STEM image has atomic number
contrast. Therefore, Fig.5b, 5d and 5f are obtained from the
analyses of the energy spectrum at the bright spots and dark
spots. In Fig. 5, the atomic percentage content of La in the
dark area is low, which indicates the La-Ti-O bond is formed
when La’* enters TiO, in the calcination process.

It is known when connecting with the XRD results that the
bright area in Fig.5 is the second phase La,TigO,4. It is precipi-
tated as irregular spheres on the surface of the base TiO,. It is

Fig.3 TEM images of the La*"-doped TiO; calcinated at 750 °C
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Fig4 HRTEM images and SAED patterns of the La’*"-doped TiO,
calcinated at 750 °C
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well known that the interfacial energy of the incoherent
interface can be the lowest when the second phase precipitates
as regular spheres. But the TiO, grain size gradually grows in
the calcination process, which prevents the second phase to
form regular spheres in the precipitation process. There are
some distortions on the form of the precipitate.
2.3 Point defect thermodynamic model for grain boundary
segregation

There are many different kinds of point defects in undoped
or La3+-d0ped TiO,, such as intrinsic thermal, electronic, and
non-stoichiometric ratio point defects, as indicated by the
defect reactions summarized in Eqs.(4)~(7). Note that grain
boundary segregation is, in fact, due to all kinds of point
defects occurring at grain boundaries. The point defect
distribution at a given TiO, grain boundary can be obtained
using the defect reactions and point defect thermody-
namics''*'" as shown in Egs.(8)~(11). Specifically, the defect
concentrations of interstitial titanium and the titanium and
oxygen vacancies are determined from the defect formation
energy, the grain boundary electrostatic potential, and the
temperature, as shown in Egs.(8)~(10). In this work, by
assuming that the defect formation energy is independent of
the temperature, the actual defect formation energy should
decrease with increased temperature!®'”). The concentrations of
acceptor-doping defects can be determined using Eq.(11), and
are related to the doping concentration, static potential, and
temperature. In particular, the concentration of the acceptor
doping defect may be related to the elastic strain energy.

50 nm 200 nm 50 nm
. Ti B | — i
Point 1 ! Floment _awe D Point 3 Element _at%  d LRI Element _a% _ |
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Fig.5 STEM images (a, c, ¢) and EDS results (b, d, f) of the La3+—doped TiO, calcinated at 750 °C



470 Yan Jikang et al. / Rare Metal Materials and Engineering, 2020, 49(2): 0465-0475

Intrinsic thermal defects: null«——2V] + V" 4
Electronic defects: null«——>e'+ 4’ (®)
Non-stoichiometric ratio point defects:

O, <——>%O2 +Vy +2¢' 6)

Acceptor La®* doping defects:

2La,0, <2 5 4La), +Ti; +80} (7

[Ti; 1(x) =exp(—%) ®)

Vi(x) = exp(— %;@(X)) )

Vs 1) = 2exp(-%) (10)
ed, —ed(x)-U (x)

[La, (x)]=C exp[ -

T ] )

In Eqs.(8)~(11), gri» grp and gy, are the interstitial titanium,

titanium vacancy, and oxygen vacancy formation energies,
respectively, e=1.602 x 10"°C is the electron charge, ®(x) is
the electrostatic potential at a distance of x from the grain
k=1.381x10% JK' is the
Boltzmann constant, T is the absolute temperature, e®(x) is

boundary interface center,

the electrostatic potential energy at a distance of x from the
grain boundary interface center, and @, is the electrostatic
potential in the grain when @(x)=0. Further, Uy(x) represents
the elastic strain energy at a distance of x from the grain
boundary interface center and C is the dopant concentration. All
the terms on the left hand side in Eqs.(8)~(11) represent point
defect concentration distributions.

For dopant ions with radii similar to that of Ti**, @ acts as
the segregation driving force. However, the radii of both La*
(0.118 nm) are far larger than that of Ti*" (0.068 nm), and so
the elastic strain energy originating from the lattice mismatch
U, cannot be ignored. The value of U, at the grain boundary
interface center can be calculated using Eq.(12):

Uo—(Ar) (3 45— ) (eV) (12)
r 1700

The elastic strain energy UOL"h in the La*"-doped TiO,
samples is 1.508 eV, as shown in Table 3.
The value of Uy(x) can be calculated using Eq. (13):

X n
US()C): Uo[l—(z)} X< 2a (13)

0 x>2a
In Eq.(12), r is the Ti*" radius in rutile TiO, lattices, Ar is the
difference between the dopant ion radius and the Ti*" radius in

Table 3 Elastic strain energy of the La”—doped TiO,

Doping ion Ti*" La**

Ionic radius, 7/nm 0.068 0.118
Calcining temperature, 7/°C 750 750

Elastic strain energy, Uy/eV 1.508

rutile TiO, lattices, and in Eq.(13), a is the lattice parameter of
the rutile TiO, (here, a is the average value of a and c in the
rutile TiO, lattice). When x=0, x represents the grain boun-
dary interface center, and when x=o0, it represents the grain
interior. At that point, @, is constant. The distribution @(x)
can be obtained from Eq.(14):

D(x)=D,[1-exp(—x/9)] (14)
In Eq.(14), the Debye length ¢ indicates the shielding ability.
The Debye length J can be calculated from Eq.(15):

_ Song (15)
e NZE

In Eq.(15), the vacuum dielectric constant &, is 8.854 x 1072
F-m”’ and the static TiO, dielectric constant ¢ is 120. N,
represents the concentration of each point defect i in the bulk
phase per cubic centimeter, and Z; represents the effective
charges of each i in the bulk phase per cubic centimeter. As
suggested by Eq. (14), @(x) is determined by ¢ and @,,. Note
that @,, is directly related to the defect formation energy,
oxygen partial pressure, doping concentration, and tempera-
ture. Further, J is determined by 7, N,, and Z. N; and Z; also
are determined by the defect chemistry, oxygen partial
pressure, doping, and other various factors. In this work, the
point defect concentration distributions at the grain boundaries
in the doped TiO, samples are calculated under 0.1 MPa
pressure, for given calcining temperatures and doping concen-
trations.

For acceptor La’" doping, the approximate electroneutrality
condition in the TiO, bulk phase is expressed as

[Lay; ], =4[Ti;"], (16)

According to Eqgs.(8), (11) and (16), @, can be expressed
as

ﬁ_k_Tln[LaTi]w (17)
4 4

When the 5 mol% La-doped TiO, sample is calcined at 750
°C, the [La’,], concentration is about 4.41 mol% for acceptor

edM = —

La’" doping. The bulk phase electrostatic potential @ =
—0.514 89 V can be obtained by substituting gr; =2 eV,
[Lal.]., T, and k into Eq.(17). We can use @ " =-0.514 89
V and Egs.(15) and (16) to calculate @(x) at the grain
boundaries. |:T1"":| (x) and [La’;] (x) can be obtained by
2 eV, T = (750 + 273.15) K, and the La®"
doping concentration Cp,+=4.41 mol% into Egs.(8) and (11),

substituting gr;, =

as shown in Fig.6a. From Fig.6a, we can see that the
concentration of [La’,] at the grain boundaries is very high.
This shows that La can segregate strongly at grain boundaries,
and this result is consistent with the XRD patterns,
microstructure, EDS chemical composition analysis, and
discuss in section 2.1 and 2.2. If U is neglected, [Lar,] (x)
can be obtained according to Eq.(18), as shown in Fig.6b.
From this figure, La segregation at the grain boundaries is not
clearly observed. However, this is not in agreement with the
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above experimental results. For dopant ions with radii similar
to the Ti*" radius, the grain boundary segregation driving force
is the electrostatic potential. However, the La’" ion radius of
0.118 nm is significantly larger than the Ti*" ion radius of

0.068 nm; hence, U, cannot be ignoredm].
, ed —ed(x
[Laf, (0] =, exp[- =220 (18)

2.4 Chemical state analysis

Table 4 shows the atomic fractions of O 1s, Ti 2p and La 3d
in the LaH-doped TiO,, which indicates the ratio between the
atomic fractions of O 1s and Ti 2p in the La’*-doped TiO, is
far greater than 2. Therefore, there must be other forms of
oxygen besides the combination with Ti. With the increase of
the thermal processing temperature, the atomic fraction of
O 1s gradually decreases, while that of La 3d gradually
increases. When combined with the XRD measurements, it
can be known that with the gradual increase of the thermal
processing temperature, the adsorbed oxygen (for example,
the surface hydroxyl and surface adsorbed water) gradually

._.
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Fig.6 Point defect concentration distributions at grain boundaries in

La-doped TiO; with (a) and without (b) elastic strain energy

Table 4 Atomic fraction of O 1s, Ti 2p and La 3d in the
La*"-doped TiO; (at%)

Calcination temperature/°C 100 550 750 900

Ols 7555 66.76  64.01  63.54
Ti2p 23.89  30.66 31.68 29.02
La3d 0.55 2.59 431 7.44

evaporates, which corresponds to the decrease of the O 1s signal,
while partial La®" precipitates as the second phase on the TiO,
surface.

Fig.7a shows the fitted O 1s spectrum for the dry gel of the
La3+-doped TiO,, which may be fitted as two peaks. The peak
at £,=530.25 eV belongs to the lattice oxygen of the Ti-O
bond. The peak at E,=532.84 eV belongs to the adsorbed
oxygen that includes the surface hydroxyl and adsorbed water,
most of which is the surface hydroxyl . The O 1s spectra of
the La3+-d0ped TiO, after calcination at 550, 750, and 900 °C
are shown in Fig.7b~7d, respectively. The peaks at £,=530.36,
529.71, 530.36 eV originate from the lattice oxygen of the Ti-O,
while those at E,=528.82, 528.22, 528.82 ¢V come from the
lattice oxygen of La-Ti-O. The peaks at E,=532.39, 531.32 eV
come from the adsorbed oxygen.

Table 5 shows the atomic fractions of the lattice oxygen and
adsorbed oxygen of the La’’-doped TiO, after thermal
processing at different temperatures. It can be seen that the
adsorbed oxygen of the La*"-doped TiO, gradually disappears
with the increase of the calcination temperature.

Fig.8 shows the fitted Ti 2p spectra of the La**-doped TiO,,
indicating the Ti 2p orbit is split into two energy states due to
the spin-orbit interaction, namely, Ti 2p;, and Ti 2p;), 22 1t
can be known from the fitting curve of the XPS spectrum that
Ti’" is generated in the La’"-doped TiO, after calcination at
550 °C.

Table 6 shows the atomic fractions of Ti*" and Ti’" in the
La’"-doped TiO,. It can be seen that the Ti ion only exists in
the 4" valence state in the La*"-doped TiO, dry gel. However,
with the increase of the calcination temperature, Ti ion
contains two types of valence state Ti* and Ti’" in the La’'-
doped TiO,.

Fig.9 shows the fitted La 3d spectra of the La’- doped
TiO,. In Figs.9a~9d, the peaks at E£,=835.66, 835.52, 834.97,
834.99 eV correspond to the La 3ds, of La’". It is also
indicated that there is a so-called shake-up satellite peak
(energy loss peak) besides the main peaks in the fitted La 3d
spectra of La** 3ds,. A photoelectron will be emitted to the
outer valence electron of the La element in photoionization,
which is equivalently adding a nuclear charge on the outmost
layer of the electrons of La. Therefore; there will be a relaxa-
tion process that causes the valence electrons to rearrange. The
valence electron may transit to the unoccupied orbit, which
is called a shake-up (carry) process. The process is shown
as an energy loss peak on the higher binding energy side of
the main peak in the fitted spectrum. Due to significant
charge transfer between O and La in the La’*-doped TiO,,
there are extra electrons on the 3d orbits of La and the
intensity of the shake-up peak is very strong. In Figs.9a~9d,
all the peaks at E,=838.94, 838.75, 838.39, 838.94 eV are
shake-up peaks of La*".

2.5 UV-Vis absorption spectrum analysis
Fig.10 shows the UV-Vis absorption spectra of the samples,
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Fig.7 Fitted O Is spectra of the La3+—doped TiO, at different calcination temperatures: (a) 100 °C, (b) 550 °C, (c¢) 750 °C, and (d) 900 °C

Table 5 Atomic fractions of the lattice oxygen and adsorbed
oxygen of the La**-doped TiO; (at%)

Calcination temperature/°C 100 550 750 900
Ti-O 7475 5895 6299  70.17
La-Ti-O 0 3546 30.83 29.83
Absorbed oxygen 25.25 5.58 6.17 0

while their optical absorption band edges and band gaps are
shown in Table 7. It can be known from Fig.10a and Table 7
that the optical absorption band edge of the un-doped TiO, is
blue shifted and the band gap becomes wider with the increase
of the calcination temperature. The un-doped TiO, has the best
UV-Vis absorption with calcination at 400 °C. When connected
with the XRD measurements, this phenomenon may be
explained with the following reason. With the increase of the
calcination temperature, the un-doped TiO, gradually changes
from the anatase phase to the rutile phase. It is well known
that there are a large number of lattice defects, as well as
many dislocation networks in the anatase phase lattices. The
degree of crystallization in the rutile phase is significantly
better than that in the anatase phase. There are fewer lattice
defects. Hence, the anatase phase has more oxygen holes to
capture electrons, and the rutile phase is easier to promote the
recombination of the photogenerated electron-hole pairs.
Finally, the bandwidth of the UV-Vis absorption spectrum of
the un-doped TiO, is narrowed with the changing of the
anatase phase change to the rutile phase ..

From Fig.10b and Table 7, it can be seen that with the

increase of the calcination temperature, the optical absorption
band edge of the La’*-doped TiO, is blue shifted and the band
gap becomes wider. It can be mainly explained with the
following two reasons. Firstly, the La’"-doped TiO, gradually
changes from the anatase phase to the rutile phase with the
increasing calcination temperature. There are less lattice
defects and dislocation networks in the rutile phase lattice than
in the anatase phase. It is easier for the photogenerated
electron-hole pairs to recombine in the rutile phase, which
causes the UV-Vis optical absorption band edge of the
La*"-doped TiO, to blue shift. Secondly, La®" ions are
precipitated in the form of La,TisO,4 on the TiO, surface with
the increase of the calcination temperature. This second phase
is enriched at the grain boundary and becomes the
electron-hole recombination centers, which prevents the
migration of electrons and holes towards the TiO, surface. It
also destroys the integrity of the periodic potential field of the
TiO, lattice, so do the TiO, crystal planes. It reduces the
effective area of TiO, and is not beneficial to improve the
range of the UV-Vis absorption of TiO, **.

Table 7 also indicates that TiO, doped with La®" red shifts
the optical absorption band edge. This phenomenon can be
explained with the following two reasons. On the one hand,
the La’*-doping generates doping defects in TiO,, which is
equivalent to introducing impurity energy levels and changes
the TiO, band gap®?!. Indeed, it improves the distribution of
the charges and carriers and leads to widening of the bandwidth
of the UV-Vis absorption spectrum of TiO,. On the other hand,
it can be seen from the TEM observation that the dispersibility
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Fig.8 Fitted Ti 2p spectra of the La3+—doped TiO, at different calcination temperatures: (a) 100 °C, (b) 550 °C, (c) 750 °C, and (d) 900 °C

Table 6 Atomic fractions of Ti*" and Ti*' in the La‘”—doped TiO; (at%)

Calcination temperature/°C 100 550 750 900
Ti** 100 67.96 7798 73.22
T’ 0 32.04 2202 2678

Intensity/a.u.

Intensity/a.u.

of the La*"-doped TiO, is significantly better than that of the

un-doped TiO,. Hence,

the effective area for optical

absorption of the La’*-doped TiO, increases, which widenes
the UV-Vis absorption spectrum of TiO,.
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Fig.9 Fitted La 3d spectra of the La®"-doped TiO, at different calcination temperatures: (a) 100 °C, (b) 550 °C, (c) 750 °C, and (d) 900 °C
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Fig.10 UV-Vis absorption spectra of TiO; (a) and La’ *_doped TiO; (b)

Table 7 Optical absorption band edge and band gap of the

sample
Calcination

Sampl / E,/eV

ample temperature/°C Ay/nm ¢e
400 430 2.8837
. 500 428 2.8972

TIOZ
550 426 2.9108
650 424 2.9245
550 435 2.8506
34 650 426 2.9077
La  -TiO»

750 423 2.9314
800 422.7 2.9335

3 Conclusions

1) Doping with La®" suppresses the phase transmission and
grain growth of TiO,, and the second phase La;TigO,4
precipitates after calcination at 750 °C.

2) The dispersibility of the La**-doped TiO, is significantly
improved. Both grains growth and phase transformation from
anatase phase to rutile phase of TiO, are suppressed by the
pinning effect of second phase. The second phase La;Ti;9Oy4
gradually precipitates from the La*"-doped TiO, and forms an
incoherent interface with the brookite TiO, phase, which
precipitates in the form of irregular spheres from the surface
of the TiO, base.

3) The driving force of La’" segregation is elastic strain
energy. La’" segregation in La’*-doped TiO, is dominated by

elastic strain energy. Secondary phase La,TisO,, in La’-doped
TiO; is initiated from segregation.

4) With the increase of calcination temperature, the atomic
fraction of the O 1s in the La’"-doped TiO, gradually decreases,
and that of the La 3d gradually increases. There is an energy
loss peak at the higher binding-energy side of the main peak
of the La 3d, and Ti*" exists after the calcination.

5) The ultraviolet-visible (UV-Vis) spectroscopy shows
doping with La’" red-shifts the optical absorption bandedge of
the TiO,. But with increasing the calcination temperature, the
optical absorption bandedge blue shifts.
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