Journal of Residuals Science & Technology (JRST) Volume 14 No. 3, 2017
doi: 10.14355/jrst.2017.1403.002

Synthesis, Characterization and Photocatalytic
Performance of Lanthanides (Y, Ce) Doped
TiO2 Nanosheets Films

Yu Fu*®, Yufeng Wu***, Qijun Zhang?*, Kaihua Zhang?®, Xiaofei Yin*®, Yi-Nan Zhang*

2 Institute of Circular Economy, Beijing University of Technology, Beijing, 100124, P. R. China.

b Institute of Beijing-Tianjin-Hebei Green Development, Beijing University of Technology, Beijing, 100124, P. R.
China.

< Institute of Biomaterials and Biomedical Engineering, University of Toronto, Toronto, ON M5S 3G9, Canada.
*Corresponding Author: Fax: +86-10-67396234; Tel: +86-10-67396234;

*wuyufeng3r@126.com

Abstract

Different lanthanides (Y, Ce) ions doped anatase TiO: nanosheets films with dominant high-reactivity {001} facets were
synthesized on transparent conductive FTO substrates via a simple, one-step solvothermal method. In the present work, the
amounts of HF and the doping ratios of rare earths were explored in detail. The crystal morphologies, structural features,
binding information, optical absorption, and photocatalytic performances were investigated systematically. The optimal
conditions of HF amount and rare earths doping ratios proved to be 2 mL and 1.0%, respectively. The results showed that the
optimum lanthanides (Y, Ce) doped anatase TiO2 nanosheets films displayed higher photocatalytic activities than pure TiO2
films, and Y doped TiO: showed better photocatalytic activity than Ce doped TiO2. The possible mechanism of the

photocatalysis can be mainly ascribed to the synergistic effect of lanthanides doping and exposed high-reactively {001} facets.
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Introduction

As a sustainable technology, nanostructure TiO2-based photocatalysis has received much attention in the last few
decades because it has potential to use in the fields of energy and the environment, such as dye-sensitized solar
cells [1-5], hydrogen production [6, 7] and photocatalytic degradation [8-11], etc. However, some weaknesses still
exist in practical utilization of nanostructure TiO2 photocatalyst. TiO2 has a wide band gap of 3.24 eV [12-14], which
leads to a low utilization ratio of solar energy. On the other hand, high recombination of electron-hole pairs

decreases the photo-quantum efficiency.

To solve these problems, a great number of studies have focused on how to modify TiO2 doped with ions such as
noble metals [15, 16], nonmetals [17-19], rare earths (RE) elements [20-22], etc. Among these, the modifying by RE
elements has turned out to be a feasible and promising strategy due to the 4f electron configuration of RE elements,
which can reduce the electron-hole pair recombination [23-27]. Moreover, the modification by RE elements can
increase the photoadsorption of organic substrates on the TiO: surfaces, which also enhances the photocatalytic

performance. For example, Duan et al. [28] prepared praseodymium doped TiO2 (Pr-TiO2), which showed that the
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redox activity was influenced by the position of the band edge and the photocatalytic performance was improved
by introducing doping rare earth. Meski et al. [25] prepared lanthanum doped TiO: (La-TiOz). The photocatalytic
performance of TiO2 was improved because La shortened the bandwidth of TiO2 and decreased the recombination

rate of photo-generated electron-hole pairs.

According to density functional theory [12, 29], the common surface energies of certain anatase facets are 0.9 J/m?
of {001}, 0.53 J/m? of {100}, 0.44 J/m?2 of {101} [30, 31]. Although the theory cannot represent the actuality, the result is
still meaningful: {001} facets show a higher reactive activity than {101} facets, and the anatase TiO: is commonly
formed by (101) facets with stable thermodynamic properties due to its low surface energy [32-34]. Since
theresearch by Yang et al. [35] in 2008 who successfully synthesized TiO: with 47% exposed {001} facets, many
researchers have been exploring the properties and performances of the {001} facets as well as how to prepare TiO:

with high percentage of exposed {001} facets.

The advantages of rare earth doping and the {001} facets controlling are obvious. However, few studies have been
focused on the synergistic effects of both lanthanides ions doped TiO2 nanosheets and the morphological control of
expose {001} facets, which may contribute to excellent photocatalytic activity. Here, we investigate the synthesis of
lanthanides (Y, Ce)-doped anatase TiO: nanosheets films with dominant high-reactivity {001} facets on
fluorine-doped tin dioxide (FTO), which was proved to be of better stability than Indium tin oxide (ITO) and
common glass in HF [36]. In addition, the effects of different doping amounts of REs on the characteristics of TiO2
such as the morphologies, structures, luminescence properties, and the photocatalytic performances are studied

systematically.

Experiment Section

Chemicals and Materials

All reagents used in this study were of the highest available purity, purchased from Chemical Reagent Company of
Beijing. Deionized water (18.2 MQ.cm) obtained from a Direct-Pure Up 10 water system (RephiLe Bioscience, Ltd.)
was used through the experiments whenever needed. The FTO substrates used in this study were purchased from
Shenzhen CSG Float Glass Co. Ltd (Shenzhen, China).

Synthesis

A solvothermal method is used to prepare lanthanides (Y, Ce) doped TiO2 nanosheets films on FTO substrates. The
FTO substrates are prepared with sizes of 2.0 x 4.0 cm?, and cleaned ultrasonically by deionized water, acetone, and
ethanol for 1 h separately. In most experiments, 40 mL of acetic acid (HAc) is mixed with rare earth nitrate
(RE(NOs)3), 10 mL of tetrabutyl titanate (Ti(OBu)s), and appropriate amount of hydrogen fluoride (HF). Every
chemical is added with uniform stirring. First, a proper amount of HF are considered to explore the impact of
photocatalytic properties. Then, the molar ratios of RE elements and Ti are investigated in the range of 0.25%, 0.5%,
1.0%, 1.5%, and 2.0%, respectively. The solution is transferred into a 100 mL Teflon-lined autoclave, and the FTO
substrate is on the bottom of the autoclave with the conductive surface facing upward. The solution is kept at
200 °C for 12 h. Having finished the reaction, the FTO substrates with RE-TiO2 films are pick out and washed with
ethanol several times, then dried at 60 °C for 24 h. Finally, all the RE-TiO2 films are calcined at 500 °C for 6 h with a

rate of 1 °C/min.

Characterization

The crystal structure is examined by X-ray diffraction (XRD) analysis with a Bruker axs D8 Advance using Cu Ka
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radiation (Bruker, Germany). The morphology of the samples is examined by JEM-2100F high-resolution
transmission electron microscopy (TEM) (JEOL, Japan) and SU-8020 field-emission scanning electron microscopy
(SEM) (Hitachi, Japan). The diffuse reflectance spectra (DRS) are characterized by an UV-vis spectrophotometer
(UV 2550, Shimadzu, Japan). X-ray photoelectron spectroscopy (XPS) data are obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W Al KR radiation (E = 1486.6 eV) in a base pressure of 3 x 10*
m bar. The binding energies are referenced to the C 1s line at 284.8 eV from adventitious carbon. The
photoluminescence (PL) spectra are tested with a Japan Hitachi F7000 fluorescence spectrophotometer using a 330

nm line from a xenon lamp.

Evaluation of Photocatalytic Properties

The photocatalytic properties of the samples are compared by analyzing the degradation rates of Methylene Blue
(MB) and Methyl Orange (MO). All of the RE-TiO: films of 2.0 cm x 4.0 cm are used. Before being tested, all of the
samples are immersed in a sodium hydroxide (NaOH) solution (5 mol/L, 50 mL) for 1 h, washed with deionized
water several times, and then dried. To establish the adsorption-desorption equilibrium, samples are submerged in
organic solution (MB/MO, 10 mL, 10 mg/L) in 60 mm culture dishes separately for 12 h. In the experiment, a 30 W
UV lamp with a maximum emission at approximately 365 nm was used as the illumination source. And the
absorption of organic solutions (MB/MO, 10 mL, 10 mg/L) are measured every 1 h by the ultraviolet
spectrophotometer. The data are analyzed by recording the absorption peaks of MB at 664 nm and MO at 465 nm.

Results and Discussion

HF, with the strong corrosion ability, is usually employed as capping agent in experiments. Our initial research
focused on identifying a proper amount of HF to obtain TiO2 with high active reactive {001} facets. Here, pure TiO2
is used to study the impact of HF on the {001} faces by regulating the addition of HF amounts in the range of 0 mL,
1 mL, 2 mL and 3 mL. Figure 1 shows the SEM images in different HF amounts, and the simulated shapes are
showed in Figure SI-1 [30, 37]. As can be seen in Figure 1(a), the nanoparticles show an integral bipyramidal
structure, and the isosceles triangular sidewalls are the {101} facets. In Figure 1(b), the bipyramid are partly eroded.
The isosceles trapezoidal sidewalls are the {101} facets, and the flat squares are the {001} facets. In Figure 1(c), the
nanoparticles are further eroded into flakes. As is shown in Figure 1(d), there are some nanopores in every flake.
The erosion of TiO2 nanosheets are increased with the increase of HF concentration. Definitely, HF can selectively
erode {001} facets because titanium and oxygen on the surface of the {001} and {101} facets have different geometric
arrangement. At high concentration, HF selectively etches {001} facets by the -OH replacement and -TiOF:
dissolution on the surface of {001} facets [38]. According to the above results, the samples have the highest
percentage of exposed {001} facets at 2 mL of the HF addition. As a result, 2 mL of HF is used for all subsequent

experiments.

The crystalline phases of synthesized pure and doped TiO: are examined by XRD. As shown in Figure 2, the
intensity peaks of all samples are consistent with the crystal structure of tetragonal-anatase TiOz with 14:/amd space
group symmetry (JCPDS No. 21-1272) [39, 40], indicating that the high crystallinity of these products [41] (Figure
2a). However, we notice that no other crystalline phases (such as Y203, Ce20s or CeO2) are observed, which suggest
that rare earth ions might be well dispersed on the surface of TiOz. It can be observed that the main diffraction
peaks (101) have a negligible shift to high degrees after rare earth ions doping compared with pure TiO:
nanosheets, as shows local amplification (Figure 2(b)). It is suggested that there are small contortions in the TiO2

lattices [42]. Actually, the ionic radii of rare earth elements are much larger than Ti* (Y3, Ce¥, Ce* and Ti* are

11
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101.9 pm [43], 98 pm, 114 pm [44] and 60.5 pm [43], respectively), which make it difficult for rare earth ions to enter
into the TiO: lattice. Thus, the small contortions in the TiO: lattices may due that some rare earth ions present on

the grain boundaries [45] or replace Ti* on the surface.

FIG. 1 SEM PATTERNS OF PURE TIO2 FILMS USING (A) 0 ML, (B) 1 ML, (C) 2 ML AND (D) 3 ML HF CONTENTS
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FIG. 2 XRD PATTERNS OF THE PURE TIO2 AND 1.0% RE-TIO2. (A) INTEGRAL XRD PATTERN AND (B) SECTIONAL XRD PATTERNS

TEM is employed to characterize the crystallographic structures of the RE-TiO: nanosheets and pure TiO2
nanosheets samples, as shown in Figure 3. Figure 3(a-c) shows that all the pure and doped TiO: samples have

uniform layer-structured sheets structures. The high-resolution TEM image of the sheet structure lying on the TEM
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grid suggest that the lattice spacing parallel was 0.19 nm, in good agreement with the spacing of the (200) and (020)
lattice planes of the TiO: (Figure 3(g)) [46]. The diffraction spots in selected area electron diffraction (SAED)
patterns (Figure 3(d)) are measured, resulting in corresponding to the facets of (200) and (020) facets, which means
that the top and bottom facets observed are both {001} facets. The HRTEM images of RE-TiO: nanosheets (Figure
3(h-i)) directly reveal that the lattice spacing parallel is 0.235 nm, indicating that the top and bottom facets of the
RE-TiO2 nanosheets are the {001} facets [47]. Moreover, the corresponding SAED pattern (Figure 3(e-f)) can be
indexed into the diffraction spots of the [001] zone, which also confirm that the faceted surface of RE-TiO:

nanosheets is the (001) surface.
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FIG. 3 TEM PATTERNS OF (A, D, G) PURE TIO2, AND (B, E, H) 1.0% Y-TIO2, AND (C, F, I) 1.0% CE-TIO=. (A-C) ARE TEM PATTERNS, (D-F)
ARE SAED PATTERNS, (G-I) ARE HRTEM PATTERNS

Figure 4 shows SEM images of pure and doped TiO2 nanosheets samples. As illustrated, all of pure and doped TiO2
nanosheets samples show well-defined nanosheets morphological structures with two exposed {001} facets in
agreement with TEM results and the growth of most nanosheets are perpendicular to the substrate. The typical
crystal type of TiO:2 belongs to the tetragonal system. The thickness of RE-TiOz is in the range of 0.14 - 0.4 um, the
sample length is 1.7 - 3.5 um, and the length on the plane of fracture is 0.9 - 2.8 um. However, the thickness of pure
TiOz2 is 0.6 um. Obviously, doping with rare earth elements cannot change the crystal structures according to the
XRD results, but can decrease the thickness of TiOz. The relative sizes of as-prepared TiO: are measured according
to the SEM images, as shown in Table SI-1. The percentage of the {001} facets is calculated by the measured sizes
(shown in Figure SI-1(d)). As is shown in Table 1, the percentage of the {001} facets exceed 80% at 1.0% RE-TiOs,

13
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among which the percentages of the {001} facets at 1.0% Y-TiOz and 1.0% Ce-TiO: are 91% and 92%, respectively. It
can be seen that the percentage of the {001} facets has a trend of increasing with the adding of RE nitrates because
RE ions can accelerate the anisotropic platelet growths of TiO: crystallites [13]. However, the percentage of {001}
facets decreases at higher doping levels in the range of 1.0-2.0%, which can be ascribed to the introduction of too
much nitrate ions (NOs). It has been reported that nitrate ions (NOs) can adsorb onto the surface of the nucleus

and reduce the adsorption capacity of the fluoride ions, and thus decreasing the percentage of the {001} facets [48].

FIG. 4 SEM PATTERNS OF RE-TIO2 FILMS. (A-C) PURE TIOz FILMS, (D-F) 1.0% Y-TIO2 FILMS, (G-I) 1.0% CE-TIO2 FILMS. AND (C-I) ARE
CROSS-SECTIONAL SEM PATTERNS OF PURE TIO2 FILMS AND 1.0% RE- TIO:2

TABLE 1 SUMMARY OF STRUCTURAL PARAMETERS OF SAMPLES

Average Average lateral Average Percentage of
Samples Thickness length height {001} facets
(um) (um) (um) (%)
TiO2 0.6 32 1.8 66
1.0% Y-TiO2 0.15 35 25 91
1.0% Ce-TiO2 0.25 3.2 1.9 92
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Doping has a significant effect on adjusting the number of active group and combination ratios of electron-hole
pairs. To confirm the element compounds and the valence states of elements, the as-prepared anatase RE-TiO:
nanosheets films were investigated by XPS (Figure 5). As shown in Figure 5(a), the Ti 2p peaks of pure TiO: are
present at 458.8 eV (Ti 2ps) and 464.5 eV (Ti 2pir). The difference value of 5.7 eV between the two bands suggests
that Ti exists in the Ti* state [49]. The peaks of two kinds of 1.0% RE-TiO: are all shifted to higher binding energy
compared with pure TiOz, which is likely due to the orbits hybridization of rare earth cations and O anion [50, 51].
Moreover, the increasing ionic banding energy results from charge transfer between occupied O 2p and empty RE
3d orbitals [52], which likely results in narrower banding gap. The O 1s spectrum is shown in Figure 5(b). The peak
of pure TiO: at 529.7 eV matches with the lattice O atoms, and the peak at 531.7 eV matches with the surface
hydroxide groups, nearly corresponding with the literature [24]. The hydroxyl groups can trap holes, which
inhibits the combination of electron-hole pairs, resulting in the enhancement of photocatalytic performance. In
Figure 5(c), the peaks at 159.9 eV and 158.1 eV correspond to Y 3ds2 and Y 3dsz, which means that Y exists as
yttrium oxide (Y203), in agreement with the literature [21]. The combinations of Y and O can create more oxygen
vacancies, which delay the combination of photo-generated electron-hole pairs. [53]. In Figure 5(d), four peaks are
present in the Ce 3d spectrum, and two peaks (pl and p3) are in agreement with the Ce 3ds. spin-orbit state. The
two peaks (p2 and p4) are in agreement with the Ce 3ds2 spin-orbit state, which means that Ce?/Ce* exist at the
same time [54]. The existence of Ce® (p1 and p3) means that a portion of the Ce ions exists as cerium oxide (Ce20s).
The other Ce?* ions are oxidized to become Ce*, which suggests that Ce ions can form more oxygen vacancies [27,

55]. In summary, the XPS spectrum illustrates that rare earth ions are definitely doped into the TiOx.
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FIG. 5 XPS SPECTRA OF (A) PURE TIO2 AND RE-TIO2 SAMPLES FOR TI 2P, (B) PURE TIO2 AND RE-TIO2 SAMPLES FOR O 15, (C) 1.0%
Y-TIO2 FOR Y 3D, (C) 1.0% CE-TIO2 FOR 3D

The UV-vis DRS spectra plays a crucial role in detecting the optical properties and confirming whether the rare
earth elements are doped in TiO2. In Figure 6, the band gap of TiO:z is 3.29 eV, which is close to the value of 3.24 eV

in the literature [56]. The band gaps of RE-TiO2 samples are decreased, which means the absorption band is moved
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to the visible region slightly. The red shift indicates that the doping of the rare earth ions can expand the response
range of the spectrum to the visible region. Figure 6(b) is the local amplification of a region in Figure 6(a). The
different band gaps in Figure 6(b) illustrates that Y-TiO2 (3.17 eV) has a narrower band gap than Ce-TiO:2 (3.25 eV),

resulting from different doping levels.
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FIG. 6 UV-VIS DRS SPECTRA OF PURE TIO:2 FILMS AND 1.0% RE-TIO2 FILMS. (A) INTEGRAL DRS SPECTRA AND (B) SECTIONAL DRS
SPECTRA

It has been known that TiO2 modification with lanthanides ions yield excellent electrons scavenging capacity and
increase separation efficiency of electron-hole pairs [19]. Thus, we used the PL technique to measure the separation
capacity of photo-generated electrons and holes of pure and RE-TiO: nanosheets films. Figure 7 shows the PL
spectra of pure and RE- TiO2 nanosheets films. Compared with the pure TiOz, the RE- TiO2 samples exhibit lower
intensity of emission spectrum, which clearly indicates that a more efficient transfer and separation of electrons
and holes caused by doped RE ions. However, the results also show that Y-doped TiO: has the lower intensity of

emission spectrum than Ce-doped TiO..
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FIG. 7 PL SPECTRA OF PURE TIO2 AND RE-TIO2 SAMPLES
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It is widely accepted that organic dyes can severely contaminate the environment. MB and MO are the
representative of organic dyes. As a result, they are usually chosen as a metric for photocatalytic performance.
Blank samples (organic solution without catalyst samples under irradiation) are also tested for comparison to avoid
the influence of the dye sensitization. The degradation ratios equals to Ci/Co (Co and C: represent the initial
concentration of dyes and the concentration at time t). The reaction rate constant named symbol x equals to

[In(C/Co)]/t [57], which representing as the speed of degradation.

Figure 8a summarizes the photocatalytic performance of TiO: doped with 1.0% rare earth under UV light
irradiation by degrading the MB solution. The degradation rate of the blank MB solution under UV light
irradiation is approximately 30%. On the other hand, the photocatalytic activity is apparently improved when the
Y-TiO2 are dipped in MB solution. It is obvious that the photocatalytic performance of the TiO: films doped with
rare earth has been improved compared to pure TiO: films. In Figure SI-2a, it is observed that the photocatalytic
performance increases when the doping molar ratio is less than 1.0% and has a contrasting trend of decreasing
from 1.0 - 2.0%. This means that the optimal doping amount is 1.0%, which is to say that the Y-TiO2 films have
higher photocatalytic performance than other molar ratios under 2.0%. When the molar ratio of Y/Ti reaches 1.0%,
the degradation rate is highest in this experiment. Generally, the reaction rate of degrading organic dyes actually
corresponds to photo-generated -OH radicals decomposing organic dyes. The reaction rate constant is the highest

in Y-TiO: films, as shown in Figure SI-2b, which approximately equals 7.01x10- min-! (Table 2).
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FIG. 8 (A) DEGRADATION RATIOS OF DIFFERENT SAMPLES FOR DEGRADING MB SOLUTIONS, (B) VARIATIONS IN [LN(Ct/Co)]/T AS A
FUNCTION OF IRRADIATION TIME AND LINEAR FITS OF DIFFERENT SAMPLES FOR DEGRADING MB SOLUTIONS, (C)
DEGRADATION RATIOS OF DIFFERENT SAMPLES FOR DEGRADING MO SOLUTIONS, (D) VARIATIONS IN LN(C1/Co) AS A FUNCTION
OF IRRADIATION TIME AND LINEAR FITS OF DIFFERENT SAMPLES FOR DEGRADING MO SOLUTION
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TABLE 2. SUMMARY OF DEGRADATION RATES AND REACTION RATE CONSTANTS OF RE-TIO2 SAMPLES FOR DEGRADING MB AND MO.

Degrading reaction rate Degrading reaction rate
Samples Ratios of MB constant of MB  Ratios of MO (%) constant of MO
(%) (min™) (after 5 h) (min™)
(after 5h)
Blank 67.3 1.21x103 83.1 0.64x10-
TiO2 40.0 2.94x10° 354 3.75x10°3
1.0% Y-TiO:2 11.5 7.01x10° 14.8 6.28x1073
1.0% Ce-TiOz2 25.2 4.78x103 23.9 4.92x10°3

To ensure the effect on the photocatalytic activity, an expanded experiment involving the degradation of MO
solution is measured under UV light irradiation. The summary of the photocatalytic performance of the TiO:
samples is shown in Figure 8c and Figure 8d. The reaction rate constant of pure TiO2 and Y-TiO: (shown in Figure
SI-2(c-d)). are 3.75x10° min"' and 6.28x102% min', which suggest that the reaction rate constant of Y-TiO: is about
two times faster than the value for pure TiO: nanosheets samples. It is clear that superior photocatalytic
performance is related to appropriate amounts of doping, low banding gap energy, a high percentage of exposed
high-activity {001} facets, and a high density of nanosheets. The photocatalysis results show that TiO2 nanosheets
films doped with rare earth elements can optimize the photocatalytic activity compared to pure TiO2 nanosheets

films.

The photocatalytic activities of Ce-TiO: (Figure SI-3) have similar trends compared with Y-TiO:. However, Y-TiO2
have better photocatalytic performances than Ce-TiOz, and RE-TiO:z have better photocatalytic performances than
pure TiOz. In the degradation of MB and MO solution, the degradation rate of 1.0% Y-TiO2 reaches 88.5% and 85.2%
after 5 h, the degradation rate of 1.0% Ce-TiO:z reaches 83.0% and 82.8% after 6 h as well, and both of them have
surpassed the pure TiO2 of 20%, the degradation rate of pure TiO:z is only 60%.

Organic
pollution

Co,

H,0

FIG. 9 PHOTOCATALYTIC PROCESSES ON RE-TIO2 SURFACE UNDER UV-LIGHT IRRADIATION

Base on the photocatalytic experiment results, the enhanced photocatalytic activities of lanthanides (Y, Ce) doped
anatase TiO2 nanosheets films can be mainly resulted from the synergistic effects of lanthanides doping and

exposed high-reactively {001} facets.(Figure 9) Lanthanides ions yield excellent electrons scavenging capacity and
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increase separation efficiency of photo-generated electron-hole pairs. When lanthanides ions are doped onto the
crystal surface or into lattices, the lattices are distorted and the charges lose balance [58]. To redress this imbalance,
oxygen vacancies are formed in the vicinity, which can act as the active center of the reaction to inhibit the
recombination of charge carriers. Therefore, these lanthanides (Y, Ce) ions, as impurities, form active trapping
centers to trap photoelectron, which contributes to reactions with adsorbed Oz and form highly reactive superoxide
ions (-Or) [59]. Superoxide ions (-O2) can strongly reactive with organic molecules. Furthermore, doping with rare
earth elements caused a red shift in photo-response, which can increase more photons were absorbed by samples.

The results of the UV-vis DRS spectra confirmed that the band gaps of the doped TiO2 samples are reduced.

Conclusion

Different lanthanides (Y, Ce) ions doped anatase TiO2 nanosheets films with dominant high-reactivity {001} facets
have been synthesized on FTO substrates via a simple, one-step solvothermal method. Compared to the pure TiO:2
films, Lanthanides (Y, Ce) ions doped TiO: nanosheets films showed better photocatalytic efficiency. The
degradation rate of 1.0% RE-TiO: reaches over 80%, both of which have surpassed the pure TiO:2 of 20%. The
as-prepared TiO: films reveal that different photocatalytic properties result from different concentration of
solutions with different types of rare earth elements. 2 mL of HF and 1.0 mol% of RE-TiO: are the most appropriate

amount.

RE-TiO2 don’t have any obvious differences in mechanism. Therefore, the results can be the theoretical support for
the modified TiO2 co-doped by yttrium and cerium, which can set as raw material to avoid further separation from
primary ore or the original waste tricolor phosphors. We hope that this study would provide a new route for the

modification of TiO2 materials and offer methods for environmental management and energy proposal.
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