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ABSTRACT: In this paper, efficiency recovery of rare earth
elements from cathode ray tubes (CRT) waste. Moreover,
recycled yttrium was also served as raw material to produce a
low-cost Y-doped TiO, nanosheets film with exposed {001}
facets. An etching/dissolution growth mechanism was postu-
lated by systematically investigating the influence of the reaction
time. The synergistic effect of the Y dopant and the dominant
{001} facets endows TiO, nanosheets film with excellent
activity in the photoremoval of Methyl Orange (MO) and
Cr(VI). A possible mechanism of photoremoval of MO and
Cr(VI) is proposed. This study not only contributes to recycling
methods for CRT waste but also presents a new way to prepare
low-cost sustainable photocatalytic materials using economically

viable waste.
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B INTRODUCTION

Nanophase anatase titanium dioxide (TiO,), as the most
promising semiconductor photocatalyst for a variety of solar-
driven clean energy and environmental pollution treatment
technologies, has been widely studied owing to its low cost,
resistance to photocorrosion, biological and chemical inertness,
and strong oxidizing properties.' > However, practical
applications of TiO, nanoparticles as a photocatalyst are greatly
restricted by the low quantum yield caused by the high
electron—hole pair recombination rate and the difficulty of
separating the suspended nanoparticles from aqueous solutions
for reuse.”® To solve these problems, many recent works have
attempted to immobilize TiO, on a solid carrier and/or change
the electronic structure of the TiO, via doping with metallic
and nonmetallic elements.””~” Recently, doping with rare-earth
elements (REEs) has shown great potential,"”"" because: (1)
REEs has a 4f electron configuration, which reduces electron—
hole pair recombination; and (2) REEs doping can promote the
chemical adsorption of organic substrates on the TiO, crystal
surfaces and improve its photocatalytic efficiency. However,
using REEs-doped TiO, photocatalysis materials in practical
applications it is a challenge because the prices for these metals
have been generally increasing over the past few years.
Cathode ray tubes (CRT), which contain a considerable
amount of rare earth, are a significant component of display
devices such as computer monitors and TVs. With the
development of the information technology and electronic
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industry, display devices with CRT's have been replaced by new
products such as liquid crystal displays (LCDs) and plasma
display panels (PDPs).">"* As a result, enormous amounts of
CRT waste are constantly generated every year worldwide.
Generally, an ordinary CRT display unit is composed of
approximately 63.2 wt % of screen glass, 24.0 wt % of cone
glass, 0.4 wt % of a getter plus an electron gun, 0.4 wt % of
ceramic seal and 0.04 wt % of phosphor powders."* Although
the glass, metal and ceramic materials in the CRT are often
recycled, the phosphor powders are usually simply discarded or
stockpiled, despite their hisgh content of valuable REEs, such as
yttrium and europium.'”'® Recovering REEs from CRT
phosphor waste is, therefore, interesting and important in
terms of both waste treatment and the recovery of economically
viable raw materials for low-cost synthesis of photocatalysis
materials.

It has been demonstrated that TiO, catalytic properties,
especially its photocatalytic activities, are closely associated with
its exposed facets.'” Therefore, increasing research attention is
now being directly toward engineering the surface structure of
TiO, at the most fundamental and atomic level, namely the
morphological control of the {001} facets in the microscale and
nanoscale range to fine-tune its photocatalytic activities.'®™>!
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Scheme 1. Illustration of Recycling and Effective Synthesis Procedure of Low-Cost Y-Doped TiO, Nanosheets Film with

Exposed {001} Facets from CRT Waste”
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“(a) Leaching and separation of REEs, (b) recycling of Y and Eu, and (c) synthesis of Y-doped TiO, nanosheets film.

For example, Han et al. synthesized anatase TiO, nanosheets
with 89% of {001} facets via the hydrothermal reaction of
tetrabutyl titanate and hydrofluoric acid."” The as-synthesized
anatase TiO, nanosheets exhibited superior photocatalytic
efficiencies, which exceeded that of commercial P25 TiO,. This
finding implies that both morphologically controlling anatase
TiO, to expose the {001} facets and doping with REEs will
obtain enhanced photocatalytic activities.

This work focuses on recovering yttrium and europium from
CRT phosphor waste and using recycled yttrium as a dopant to
produce Y-doped TiO, nanosheets film with exposed highly
reactive {001} facets. The chemical, mineralogical and
morphological characteristics of the phosphor waste, recycled
components and the as-synthesized Y-doped TiO, nanosheets
film were studied. The corresponding photocatalytic activities
of the resultant Y-doped TiO, nanosheets film were evaluated
for the photocatalytic reduction of Cr(VI) and the photo-
degradation of Methyl Orange (MO) aqueous solutions under
UV light irradiation. Moreover, to the best of our knowledge,
there are no reports investigating the use of CRT phosphor
waste for the preparation of Y-doped TiO, nanosheets film with
dominant {001} facets.

B EXPERIMENTAL SECTION

Chemicals and Materials. The CRT waste was supplied by
Shenzhen Green Eco-manufacture Hi-tech Co., Ltd.. The as-received
CRT waste was crushing, grinding and dried at 110 °C until a constant
weight was achieved. To homogenize the particle size and remove
larger impurities such as glass particles and light films with high
aluminum contents, the samples were milled using a planetary mill (72
h, 400 rpm) and passed through a 0.074 mm sieve before use. The rest
of the reagents were all analytical grade and were purchased from the
Chemical Reagent Company of Beijing.

Proposed Process. The proposed procedure of the anatase Y-
doped TiO, nanosheets film with exposed {001} facets from CRT
waste is divided into the following stages: (a) leaching and separation
of REEs, (b) recycling of Y and Eu, and (c) synthesis of Y-doped TiO,
nanosheets film, as shown in Scheme 1.

Leaching and Separation of REEs. A traditional wet metallurgy
procedure was used to leach and separate REEs from CRT phosphor
waste. First, 50 g of CRT phosphor waste samples was leached with 1
L, 3 M sulfuric acid and S mL of H,0O, at 50 °C for 2 h with stirring
(300 rpm). Then, the resulting solutions were filtered to produce Y—
Eu sulfate solutions. Finally, the Y—Eu sulfate solutions were separated
and purified by traditional ammonia precipitation, oxalate precipitation
and calcination, and Y,0;/Eu,0; mixtures were obtained.

Recycling of Y and Eu. Recycling of Y and Eu from the as-obtained
Y,0;/Eu,0; mixtures followed a procedure from the literature with
some modifications.” In a typical process, 5 g of as-obtained Y,0;/
Eu,0; mixtures were dissolved in 20 mL of hydrochloric acid (37%),
and S0 mM (NH,),SO, was added to achieve a sulfate:europium
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molar ratio of 7:1. Next, the pH was altered to 3.9 by adding drops of
ammonia, 20 vol % of an isopropyl alcohol scavenger was added, and
the solution was illuminated with 25 W UV Lamp for 72 h. After the
photochemical treatment, the solutions were filtered, and Y-containing
solutions and EuSO, were both obtained. Subsequently, the Y-
containing solutions were slowly evaporated at 70—80 °C to obtain
yttrium sulfate. The as-obtained yttrium sulfate can be used as a raw
material to synthesize the Y-doped TiO, photocatalysis material.

Synthesis of Y-Doped TiO, Nanosheets Film. Y-doped TiO,
nanosheets film with exposed {001} facets was fabricated by a
solvothermal method. In a typical process, 10 mL of tetrabutyl titanate
(Ti(OBu),) was added dropwise into acetic acid (40 mL) and the
mixture was ultrasonicated for 15 min (500 W power). Then,
appropriate amounts of the recovered Y-containing compounds were
added to the above solution (Y/Ti = 0.75 mol %) and ultrasonicated
for another 15 min. The mixed solution and 2 mL of HF (40%) were
transferred to a stainless steel autoclave lined with polytetrafluoro-
ethylene (Teflon) (100 mL). Next, an FTO substrate (F:SnO,, TEC
15, Shenzhen CSG Float Glass Co. Ltd.), which had been
ultrasonically cleaned for 60 min in a mixed solution of deionized
water, acetone, and 2-propanol with a volume ratio of 1:1:1, was
leaned at an angle against the wall of the Teflon liner with the
conducting side facing down. The solvothermal synthesis was
conducted at 200 °C for 12 h in an electric oven. After the synthesis,
the autoclave was then removed from the oven and left to cool
naturally to room temperature. The FTO substrate was removed,
rinsed extensively with deionized water and ethanol, and fully dried at
60 °C in an oven. Subsequently, the films were heated to 600 °C at a
heating rate of 1 °C min~" and calcinated for 2 h to obtain a highly
crystalline anatase phase.

Characterizations. The chemical composition of each solid
sample was determined by X-ray fluorescence analysis (XRF) with a
Philips PW2403 X-ray spectrometer (Philips, Holland). The
concentrations of Y and Eu in each solution were analyzed by
inductively coupled plasma-molic emission spectrometry (ICP-OES)
with PerkinElmer’s Optima 8000 (PerkinElmer, America). The crystal
structure was examined by X-ray diffraction (XRD) analysis with a
Bruker axs D8 Advance using Cu Ka radiation (Bruker, Germany).
The morphology of the samples was examined by SU-8020 field-
emission scanning electron microscopy (SEM) (Hitachi, Japan) and
JEM-2100F high-resolution transmission electron microscopy (TEM)
(JEOL, Japan). X-ray photoelectron spectroscopy (XPS) data were
obtained with an ESCALab220i-XL electron spectrometer from VG
Scientific using 300WAl KR radiation (E = 1486.6 €V) in a base
pressure of 3 X 10~° mbar. The binding energies were referenced to
the C 1Is line at 284.8 eV from adventitious carbon. The
photoluminescence (PL) spectra were tested with a Japan Shimadzu
RF-5301PC fluorescence spectrophotometer using a 355 nm line from
a xenon lamp. The diffuse reflectance spectra (DRS) were
characterized by an UV—vis spectrophotometer (UV 2550, Shimadzu,
Japan).

Evaluation of Photocatalytic Activities. The evaluation of
photocatalytic activity of the samples for the photocatalytic removal of
Cr(VI) and MO in aqueous solutions was performed at ambient
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Table 1. Chemical Compositions (wt %) of CRT Phosphor Waste, The Leaching Residue, and the Recycled Y,0;/Eu,0,

Mixtures”
Y,0;
16.79

leaching residue 0.75
recycled Y,0;/Eu,0; 94.46

“XRF analysis. ’N.D.: not detectable.

Eu,0;
1.07
ND.?
5.28

SO,

39.37
47.94
N.D.

phosphor waste

ZnO

33.42
45.74
0.02

PbO
0.32
0.51
0.05

ALO;
643
0.67
0.06

SiO,
1.86

3.59
0.06

Fe, 0,
0.36
0.38
0.07

BaO

0.20
0.42
N.D.

K,0
0.18
N.D.
N.D.

temperature. K,Cr,O, was used as the sources of Cr(VI). In the
photocatalytic experiment, all the as-prepared films of 2.0 cm X 4.0 cm
were used. Prior to the photocatalytic activity measurements, the as-
prepared samples were cleaned with 0.1 M NaOH aqueous solution
and rinsed extensively with deionized water, and then dried at 60 °C. A
30 W UV lamp with a maximum emission at about 365 nm was used
as the illumination source. For comparison purpose, the photocatalytic
oxidation of MO and reduction of Cr(VI) by P2S TiO, films were also
conducted. P25 TiO, films were prepared by screen printing of P25
TiO, paste on the FTO substrate (2.0 cm X 4.0 cm).”® The as-
prepared P25 TiO, film was sintered at 500 °C for 30 min.

For the photodegradation of aqueous MO, the films were immersed
in 20 mL of the aqueous MO solution (10 mg/L) in a quartz cell.
Prior to irradiation, all the films were dipped in a 20 mg/L MO
solution for the saturated adsorption process. After irradiation for a
given time, the concentration of MO in the resulting solution was
analyzed by a Hitachi U-3900H spectrophotometer. The Lambert—
Beer rule was applied using the characteristic absorbance band of the
dye, 464 nm, to determine changes in concentration.

To evaluate the removal of Cr(VI) ions by photocatalyzed
reduction, 20 mL of Cr(VI) solution with an initial concentration of
10 mg/L was circulated through a quartz tube. The pH value of the
reaction suspension was adjusted to 2 using H,SO, or NaOH. Before
irradiation, the samples were placed in the dark to establish
adsorption/desorption equilibrium. After various irradiation intervals,
0.1 mL volumes of the solution were taken from the reaction vessel for
analysis. A spectrophotometer (Hitachi, U-3900H) was used to record
the UV—vis absorption spectra of the solutions. Changes in the Cr(VI)
concentration were followed by the spectrophotometric method of the
diphenylcarbazide at 540 nm. All photocatalytic measurements were
repeated twice to ensure the reliability of the results.

The photocatalytic stability of the Y-doped TiO, nanosheets film
was also tested. After the photocatalytic reactions, the catalyst films
were soaked in 10% HNOj solution for 12 h, subsequently washed
with deionized water and ethanol several times and dried at 60 °C.
After cleaning, the used Y-doped TiO, nanosheets films were tested in
fresh solutions of MO and Cr(VI) under the sample experimental
conditions as described above.

B RESULTS AND DISCUSSION

Waste Characterizations and Recycling. The chemical
compositions of CRT phosphor waste were analyzed by XRF. A
large number of waste samples were studied, of which the
common feature was a uniform composition. The phosphor
waste is composed of SOj (39.37 wt %), ZnO (33.42 wt %),
Y,0, (16.79 wt %), ALO, (6.43 wt %), SiO, (1.86 wt %), and
Eu,0; (1.07 wt %) as the main components (Table 1). The
chemical analysis is in agreement with the XRD pattern
recorded for CRT phosphor waste (Figure la). As shown in
Figure la, the main crystalline phases in the waste samples are
Y,0,S:Eu* (JCPDS No. 24-1424), ZnS (JCPDS No. 77-2100),
Ca;AlLP,Si,0,5 (JCPDS No. 36-0108), and Al metal (JCPDS
No. 85-1327). Figure Sl is a typical SEM image of CRT
phosphor waste. It shows that CRT phosphor waste is a
granular material composed of pseudopolyhedral particles with
diameters ranging from 0.1 to 2.0 um (Figure S1).

To evaluate the leaching of yttrium and europium, 50 g of
CRT phosphor waste samples was leached with 1 L of sulfuric
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Figure 1. XRD patterns of (a) CRT phosphor waste and (b) the
leaching residue.

acid (3 mol/L) and S mL of H,0, for 2 h with stirring (300
rpm) at 50 °C. The leaching residue was also analyzed by XRF,
as shown in Table 1, which confirmed that the yttrium and
europium contents totally dissolved in the acid solution. Figure
1b shows the XRD patterns of the leaching residue. The
diffraction peaks agree with those of ZnS (JCPDS No. 77-
2100) and Sg (JCPDS No. 83-2285), whereas the Y,0,S:Eu’*
peaks disappeared, confirming that yttrium and europium were
completely leached out under these conditions. After leaching
and filtering, the Y—Eu sulfate concentrate was obtained.

After the separation and purification of Y—Eu sulfate
solutions by traditional ammonia precipitation, oxalate
precipitation and calcination, a product of 99.74% pure
Y,0;/Eu,0; mixtures was obtained, as shown in Figure 2a
and Table 1. Next, the as-obtained Y,0;/Eu,0; mixtures were
treated using a photochemical reduction method (Figure S2).
After 72 h of UV light irradiation, 99% of the europium was
recycled as EuSO, with a purity of 97% (Figure 2b and Table
S1). Finally, the yttrium-containing solutions were slowly
evaporated at 70—80 °C to obtain yttrium sulfate. The as-
obtained yttrium sulfate was used as a raw material to
synthesize a Y-doped TiO, photocatalysis material.

Samples Preparation and Characterizations. Morphol-
ogies and Structures. The other aim of this work was to
synthesize low-cost Y-doped TiO, nanosheets film on FTO
substrate using recycled yttrium sulfate as a dopant source. We
therefore performed a solvothermal treatment with Ti(OBu),
in acetic acid, which was combined with the recycled yttrium
sulfate and hydrofluoric acid mixture, and the cleaned FTO
substrate was placed into the reaction mixture. The
morphology and structure of the as-obtained Y-doped TiO,
nanosheets film were characterized by SEM and TEM as shown
in Figure 3. A top view of the Y-doped TiO, nanosheets film in
Figure 3a reveals that numerous irregular-shaped nanosheets
are uniformly and densely distributed on the FTO substrate
with an average lateral size of 1.5 ym. Higher magnification of
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Figure 2. XRD patterns of (a) the as-obtained Y,0;/Eu,0; mixtures and (b) recycled EuSO,.
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Figure 3. SEM images of anatase Y-doped TiO, nanosheets film with
exposed {001} facets on FTO substrate synthesized by a solvothermal
approach at 200 °C for 12 h: (a) and (b) are top views, and (c) shows
a cross-sectional view; (d) TEM image of a detached anatase Y-doped
TiO, nanosheets film; (e¢) HR-TEM image recorded from the TiO,
nanosheets side surface marked with a rectangle and (f) the
corresponding SAED patterns recorded from (e).

the sample (Figure 3b) displays that the TiO, nanosheets have
a highly ordered arrangement with well-defined layer-by-layer
structures, and the thickness of an individual nanosheets was
approximately 20 nm. A cross-sectional view of the Y-doped
TiO, nanosheets film in Figure 3¢ shows that the film thickness
is approximately 1.3 pm. Figure 3c also confirms that these
nanosheets are composed of layer-by-layer structures.
Well-defined sheet-shaped TiO, structures are clearly
observable in the TEM image in Figure 3d. Figure 3e shows
a high-resolution TEM image recorded from Figure 3d, which
evidently showed that the lattice spacing parallel to the top and
bottom facets was 0.19 nm, agreeing well with the spacing of
the (200) and (020) lattice planes of anatase type TiO,.”"*
The same region of SAED patterns (Figure 3f) can be indexed
into the diffraction spots of the [001] zone, indicating that the
top and bottom surfaces of the TiO, nanosheets are high-
energy {001} facets. The clear diffraction spots also indicate the
single crystalline nature of the nanosheets (Figure 3f). These
structural analyses indicate that the prepared Y-doped TiO,
nanosheets are dominated by the {001} facets, and the
corresponding percentage of exposed {001} facets is statistically
estimated to be 97%. Energy dispersive analysis of X-rays
(EDAX) analysis result confirms the presence of Y in the TiO,
nanosheets film and the doping concentration of Y is low at
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approximately 0.3 wt % (Figure S3). These results confirmed
that the Y-doped TiO, nanosheets film with dominant {001}
facets was successfully synthesized by the proposed solvother-
mal method.

The typical XRD pattern of the as-synthesized Y-doped TiO,
nanosheets film was measured (Figure 4). As depicted in Figure

A(101)

A: anatase TiO,
H: hexagonal TiOF,
u: Sn()2

H(100)

Intensity

20 30 40

2 theta

Figure 4. XRD patterns of Y-doped TiO, nanosheets film: (a) as-
synthesized by solvothermal treatment at 200 °C for 12 h; (b) after
annealing at 600 °C for 2 h.

70

4a, the as-synthesized sample showed peaks at 20 values of
25.3°, 36.9° 37.8°, 38.5° 48.1°, 53.9°, 55.1°, 62.1°, and 62.7°,
corresponding to the anatase (101), (103), (004), (112), (200),
(10s), (211), (213), and (204) crystal planes (JCPDS No. 21-
1272), respectively. In addition, the peak of the (100)
crystalline phase of hexagonal TiOF, (JCPDS No. 77-0132)
was visible. After calcination at 600 °C for 2 h, the as-
synthesized sample transformed into pure anatase TiO, phase
with high crystallization (Figure 4b). The diffraction peaks of
TiOF, completely disappeared, indicating that F ions in TiOF,
are easily removed by the annealing treatment. No crystalline
phase for the yttrium oxides was observed. This absence can
possibly be attributed to the very small level as determined
from the EDAX results and uniform dispersion of Y** ions in
the TiO, nanocrystals, similar to reported behavior for La
doping.”*’

The DRS spectra were used to evaluate the light absorption
and band gap of as-prepared Y-doped TiO, samples, as shown
in Figure S4. It can be clearly seen that a slight shift of the
absorption profile was observed for Y-doped TiO, nanosheets,
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compared with pure P25 TiO, (Figure S4a). For further study
of the change gap of Y-doped TiO, nanosheets, the plots of
[F(R — E)]"? vs. photon energy is shown in Figure S4b. It can
be found that the band gap of TiO, was narrowed from 3.25 to
3.04 eV after Y-doped. The results show that the Y** ions
doping reduced the band gap of TiO,.

To confirm the surface composition and chemical states of
the elements, the as-prepared anatase Y-doped TiO, nano-
sheets film were investigated by XPS (Figure S). The O 1s
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Figure S. High-resolution XPS spectra of the as-prepared Y-doped
TiO, nanosheets sample for (a) O 1s, (b) Ti 2p, and (c) Y 3d peaks.

peaks appearing at 529.9 and 531.5 eV were attributed to the
lattice oxygen and the hydroxyl groups, respectively (Figure
5a).” It has been reported that the hydroxyl groups can react
with photoinduced holes to yield highly oxidizing surface-
bound -OH radicals.”” Additionally, the O 1Is spectrum
exhibited a third peak at approximately 532.8 eV corresponding
to the Y—O bonds. The binding energies of Ti 2p;,, and Ti
2p,), are agproximately 458.7 and 464.5 eV (Figure Sb),
respectively.” The splitting difference of 5.8 eV between the
two bands indicates that Ti was present as Ti*" in the sample.

1798

The two peaks of the Ti 2p energy levels in Y-doped TiO,
nanosheets film are slightly shifted toward higher energies
compared with the valves of pure TiO, (Figure SS), implying
that the yttrium ions may be incorporated into the TiO, lattice.
The Y 3d;,, and Y 3d;;, peaks with binding energies at 160.1
and 157.9 eV, respectively, are in agreement with the Y—OH
bond reported in the literature (Figure 5¢).*’

To study the growth mechanism of the Y-doped TiO,
nanosheets film with dominated highly reactive {001} facets,
samples with different reaction times were investigated. Figure
6a—e shows typical SEM images of the as-synthesized Y-doped
TiO, nanosheets film under different reaction times. It shows
that only a thin layer of TiO, spherical nanoparticles and
octahedral nanorods can be obtained on the FTO substrate
with 1 h of crystallization (Figure 6a). With 3 h of growth time,
sparse sheet-shaped TiO, structures were formed with a
thickness of approximately 350 nm (Figure 6b). When the
growth time was increased to 6 h, the sheet-shaped TiO, filled
the FTO substrate, and the average thickness increased to 1.3
um (Figure 6¢). The higher magnification SEM image shown in
the lower row in Figure 6¢ reveals that the sheet-shaped TiO,
were eroded by exfoliation into a layer-by-layer nanosheets
structure that appeared on the central parts of the plane crystal
facets. This observed erosion by exfoliation phenomena may be
due to HF etching or dissolution effect on TiO, {001} facets.>
Further erosion by exfoliation on the sheet-shaped crystal facets
was observed, and the thickness of the sheet-shaped structure
was decreased to approximately 600 nm after 9 h of reaction
(Figure 6d). After 12 h of growth, the sheet-shaped TiO, was
completely eroded/exfoliated and replaced by irregular-shaped
layer-by-layer nanosheets structure (Figure 6e). Moreover, the
thickness of an individual nanosheet was also decreased to
approximately 20 nm as shown in the higher magnification
SEM image (lower row) in Figure 6Ge.

On the basis of the experimental results, a proposed growth
mechanism of the Y-doped TiO, nanosheets film with
dominant {001} facets is given in Figure 6f. Initially, Ti(OBu),
reacted with acetic acid and formed TiO, nano?articles
according to the following reaction (eqs 1 and 2):*>*

=Ti—0-C,H, + CH,COOH

— =Ti—OH + CH,COOC,H, (1)

)

Then, these primary nanoparticles continuously grew along
the [001] direction to form TiO, nanosheets in the presence of
fluoride ions. However, it has been reported that TiO, {001}
facets synthesized at a high HF concentration can also be
seriously eroded by HF (eq 3):*'

=Ti—OH + HO-Ti= —» =Ti—O-Ti=+H,0

dissolution

—TiOF, + 2HF —— TiF,---H,0 3)

Thus, in the continuing reaction, the crystal growth is slower
than the HF etching/dissolution, the TiO, {001} facets are
eroded by exfoliation, and the thickness of the nanosheets
decreases to form layer-by-layer nanosheets structures.

Evaluation of Photocatalytic Activities. Dye effluents from
textile industries are becoming a serious environmental
problem, as they are stable in light and resistant to chemical
and biological degradation. In addition, hexavalent chromium
(Cr(VI)) contamination in groundwater is a global environ-
mental problem that poses a health risk to humans because of
its high acute toxicity and carcinogenic activity. Photocatalysis
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in the presence of nanostructured TiO, has been proven to be
effective for the removal of various harmful pollutants.®
Therefore, the photocatalytic efficiency of MO and Cr(VI)
was evaluated using the as-prepared Y-doped TiO, nanosheets
film under the UV irradiation of a 30 W high-pressure Hg lamp.
For comparison purpose, the photocatalytic oxidation of MO
and reduction of Cr(VI) by P25 TiO, (a benchmark
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photocatalyst for photocatalytic activity evaluation) was also
conducted, as shown in Figure 7.

Figure 7a,c shows the photocatalytic oxidation of MO and
the reduction of Cr(VI) under UV light irradiation in the
presence and absence of the photocatalysts, respective. Blank
experiments suggested that the concentration changes of MO
and Cr(VI) under UV light irradiation without the photo-
catalyst could be ignored (curve 1 in Figure 7a,c). Significantly,
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the Y-doped TiO, nanosheets film with dominant {001} facets
(curve 3 in Figure 7a,c) exhibit a higher photocatalytic activity
than P2S TiO, (curve 2 in Figure 7a,c) both in the MO system
or the Cr(VI) system. For example, after UV irradiation for 360
min, 82.8% of MO is photodegraded on the Y-doped TiO,
nanosheets film, compared with a 59.3% reduction by P2S
TiO,. And after 300 min of UV light irradiation, the Cr(VI)
removal was 96%, compared with a 71.5% reduction by P25
TiO,.

The absorption spectrum of MO in the presence of the Y-
doped TiO, nanosheets film under exposure to UV light for
various durations in the photocatalytic degradation process was
also shown in Figure S6. It can be seen that the absorption peak
at 7 = 464 nm diminishes gradually as the exposure time
increases and no new absorption bands appear in either the
visible light or the UV region. This indicates the complete
degradation of MO by photocatalyzed reactions.

To compare quantitatively the photocatalytic activities, the
apparent rate constant (k,,,) for photocatalytic oxidation of
MO and reduction of Cr(VI) over the film samples was
evaluated using a pseudo-first-order model (eq 4),”" as shown
in Figure 7b,d:

In(Cy/C,) = Koppl

(4)
where K, is the apparent rate constant, C, is the solution-phase
concentration of dye, and C, is the initial concentration at ¢ = 0.

The apparent rate constant k,,,, values are also listed in Table 2.

Table 2. Reaction Constant Ky, (min™") in the MO and

Cr(VI) with Various TiO, Samples

decontamination of decontamination of

samples MO Cr(VI)
Y-doped TiO, 5.11 X 107 min™* 1.03 X 107 min™*
nanosheets
P25 TiO, 2.45 X 107 min™" 3.89 X 107 min™"

In the MO system, the Y-doped TiO, nanosheets film with
dominant {001} facets show the higher photocatalytic activity
with a rate constant of 5.11 X 107> min™!, which is larger than
that of P25 TiO, (2.45 X 107> min™") by a factor of 2.09. In the
Cr(VI) system, the calculate rate constant for P25 TiO, is 3.89
X 1073 min~% In strong contrast, the rate constant of 1.03 X
1072 min™' is obtained from Y-doped TiO, nanosheets film,
almost three times larger than that of P25 TiO,.

The photocatalytic oxidation of MO and reduction of Cr(VI)
was cycled 7 times under the same conditions used to
investigate the stability of the Y-doped TiO, nanosheets film, as
shown in Figure S7. No obviously deactivation was observed in
the cycling tests for the photoreduction of MO and Cr(VI) on
the Y-doped TiO, nanosheets film, indicating that it possesses
outstanding photocatalytic stability.

Proposed Mechanism. The possible mechanism is proposed
in Figure 8, which shows the possible reactions in the
photocatalysis process. Figure 8a shows the proposed reactions
in the photocatalytic oxidation of MO on the Y-doped TiO,
nanosheets under UV light irradiation. The whole reaction
mechanism starts with the electron—hole pair created in TiO,
under UV light irradiation (eq S).

TiO, + hv — h" + &~ (s)

The separation efficiency of photogenerated electron—hole
pairs determines photocatalytic properties. It has been known
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Figure 8. Schematic diagram of a possible mechanism of (a)
photocatalytic oxidation of MO and (b) photocatalytic reduction of
Cr(VI) on the Y-doped TiO, nanosheets under UV light irradiation.

that TiO, modification with lanthanides ions yield excellent
electrons scavenging capacity.”””> Thus, we used the PL
technique to define the separation capacity of photogenerated
electrons and holes. Figure S8 illustrates the room-temperature
PL spectra of the as-obtained Y-doped TiO, and pure P25 TiO,
samples under the excitation wavelength of 355 nm. Compared
with the pure P25 TiO,, the Y-doped TiO, samples obviously
exhibit lower intensity of emission spectrum, which clearly
indicates that a more eflicient transfer and separation of
photogenerated electrons and holes caused by doped Y** ions.
Therefore, the photogenerated electrons are quickly trapped by
the Y** ions in Y-doped TiO, system (eq 6), resulting in the
formation of Y>*.*° The unstable Y** ions may also react with
adsorbed O,, thus forming highly reactive superoxide ions
(0,7) (eq 7).

Y +e - Y (6)

(7)

Through a series of redox reactions, a number of charged
species and radicals with high redox potentials are generated
(eqs 8—10).

Y*+0,-Y*+0,”

0,” + H" - -O0OH (8)
2-00H - O, + H,0, )
H,0, + ¢ — -OH (10)
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Figure 9. Effects of different scavengers on the MO photodegradation process under UV light irradiation: (a) photodegradation efficiency, and (b)

photocatalytic reaction kinetics.

In addition, it has been widely reported that surface O
molecules on the {001} facets are unstable and very reactive,
which leads to more oxygen vacancies on the exposed {001}
facets.”” The defects caused by these oxygen vacancies can
provide sites for the photogenerated holes to react with
dissociated water molecules and hydroxyl groups, thus forming
-OH radicals (eqs 11 and 12):

h" + H,0 - -OH + H' (11)

(12)

As a result, these highly oxidizing species can be strongly
reactive with organic molecules to produce degradation
products (eqs 13 and 14).

L + (-OH) — -OH

O,” + MO — degradation of products (13)

(14)

Figure 8b shows the possible reactions in the photocatalytic
reduction of Cr(VI) on the Y-doped TiO, nanosheets under
UV light irradiation. For the removal of Cr(VI) in the reaction
systems, first, TiO, nanosheets were excited to generate
electron—hole pairs (eq 5). Then, the photogenerated electrons
can directly reduce adsorbed Cr(VI) to Cr(IIl) according to eq
15.% In the Y-doped TiO, nanosheets, the Y>* ions are reduced
to Y** by the photoelectrons from TiO, nanosheets according
to eq 6.°° Then, the unstable Y** ions can easily reduce Cr(VI)
to Cr(Ill) according to eq 16. Adsorbed H,O or hydroxyl
groups accepted holes in eqs 7 and 8), thus forming -OH
radicals, and the photocatalysis redox cycle thereby continued,
resulting in an enhanced Cr(VI) removal capacity in the Y-
doped TiO, nanosheets.

3e” + Cr(VI) —» Cr(III)

‘OH + MO — degradation of products

(15)
(16)

With the purpose of understanding the role of the those
active species during the photodegradation of MO over Y-
doped TiO, nanosheets film, ammonium oxalate (AO, 1 mM),
benzoquinone (BQ, 1 mM) and isopropyl alcohol (IPA, 1 mM)
were used as scavenging reagents for h*, O,7, and -OH,
respectively.””*’ Figure 9ab displays the photocatalytic
activities of MO over Y-doped TiO, nanosheets film under
different scavengers. The addition of BQ can reduce the
photocatalytic efficiency of MO to the largest extent, indicating
that O, can be generated by photoelectrons reacting with

3Y*T + Cr(VI) — 3> + Cr(II)
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adsorbed O, and served as the main active species during the
photodegradation process. When added IPA and AO into the
MO system, the photocatalytic activities of MO decreased to
some degree, suggesting that the h* and -OH radicals
contribute almost equally and moderately during the photo-
degradation process. However, the results also show that the h*
contribute a less extent than -OH radicals. Thus, it can be
concluded that the reaction (eqs 8—10) may occur to generate
more -OH radicals during the photocatalytic process.

B CONCLUSIONS

In summary, CRT waste is right with yttrium oxide and
europium oxide, which makes this waste useful for recovering
high-value REEs. Moreover, these recycled REEs are useful to
prepare low-cost sustainable photocatalytic materials. In this
work, we have successfully prepared Y-doped anatase TiO,
nanosheets film with exposed {001} facets using cheap recycled
yttrium as a dopant source, which was derived from CRT
phosphor waste. The as-prepared Y-doped TiO, nanosheets
film exhibit a layer-by-layer self-assembled structure. Observa-
tion by TEM and SEM confirmed the TiO, nanosheets with
dominant {001} facets, and the percentage of these facets was
statistically estimated to be 97%. The presence of the element Y
in TiO, nanosheets film was verified by EDAX and XPS
analyses. A possible growth mechanism was postulated by
systematically investigating the influence of the reaction time.
The formation of layer-by-layer TiO, nanosheets structure
could be due to an etching/dissolution process under a high
HF concentration. Remarkably, the Y-doped TiO, nanosheets
film exhibit higher photocatalytic efficiency compared with P25
TiO, for both oxidation of MO and reduction of Cr(VI). The
remarkably improved photocatalytic activity of the Y-doped
TiO, nanosheets film may be due to the synergistic effect of the
efficient separation and transfer of the photogenerated e”/h*
pairs due to the presence of the Y>*/Y*" redox couple and the
high percentage of exposed {001} facets. Furthermore, Y-doped
TiO, nanosheets film possesses outstanding photocatalytic
stability, showing great potential in the detoxification of
harmful pollutants in wastewaters. We hope that this work
will not only enrich the recycling methods of CRT phosphor
waste but also provide a new means to prepare low-cost
sustainable photocatalytic materials using economically viable
waste with promising applications in both energy and
environmental fields.
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