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ABSTRACT: Double-shell-structured B-NaYF,:Yb*", Tm*"/Er**@SiO,@TiO, up-
conversion photocatalysts have been successfully synthesized by a simple
hydrothermal method. It is found that the double-shell-structured photocatalyst
consists of uniform S-NaYF,:Yb*>", Tm?*/Er*" nanocrystals, SiO, as the media shell,
and anatase TiO, nanocrystals exposed with the high-reactive {001} facets as the
outer shell. The TiO, shell is modified to absorb both the UV and visible light in
order to make sufficient use of the upconverted light from -NaYF,:Yb**, Tm**/Er**
for photocatalysis. Effective energy transfer from -NaYF,:Yb*", Tm**/Er’* to TiO,
and its importance are confirmed. The photocatalytic activity in the degradation of
Rhodamine B (RhB) under the near-infrared (NIR) (980 nm laser) irradiation
suggests that the NIR-driven photocatalytic activity of the double-shell-structured
photocatalyst is significantly dependent on the properties of the upconversion
materials and the irradiated NIR power density. Moreover, the NIR-driven
photocatalyst shows stable photocatalytic degradation of RhB in the recycled
tests. This study suggests a promising system and a new insight to understand the application of appropriate upconversion
materials to effectively utilize the NIR for photocatalytic applications of TiO,-based photocatalysts, which may advance the
application of solar energy in the future.
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1. INTRODUCTION

In recent years, water and air pollution has become a serious
problem and has attracted great attention all over the world."”
Since Fujishima and Honda discovered the hydrogen
production phenomenon on the TiO, electrode in 1972, the
use of the semiconductor TiO, photocatalyst has grown
significantly due to its chemical stability, environmental
friendliness, and strong oxidation ability under the UV
irradiation.*”® However, the UV only occupies ca. 5% of the
solar energy; the rest of the energy in the visible (ca. 48%) and
near-infrared (NIR) (ca. 47%) range is not used sufficiently for
photocatalysis.® As a result, large scale practical application of
TiO,-based photocatalysts to solve environmental and energy
problems needs further innovational work.

In order to extend the limited optical absorption edge of
TiO,, persistent efforts have been done by researchers to adjust
the light absorption edge toward the visible and even NIR
range, for instance, employing metal or nonmetal impurities to
generate acceptor or donor states in the band gap, self-doping
by Ti*" and oxygen vacancies, depositing noble metals, coupling
with semiconductors, and modifying with carbon-based

absorption for photocatalysis is still unreached yet. Recently, it
has been reported that hydrogenation of anatase TiO,
nanocrystals can extend the light absorption edge to ca. 1200
nm by forming a disorder structure in the crystal lattice."®
However, this point still needs systematic investigation because
no further experimental studies by other researchers have
confirmed this result. Hence, the incapacity of utilizing the NIR
has become one of the principal factors limiting the large scale
industrial application of TiO,-based photocatalysts.

To overcome this limitation, upconversion phosphors
(UCPs), which can transform NIR photons to UV and vis
photons, have been considered as one of the most promising
solutions and have already been applied in photocatalysis and
solar cells."®™"® According to the reported in situ works, UCPs
were mainly physically mixed with the semiconductor photo-
catalysts."” This strategy truly gives a new insight in employing
the UCPs for photocatalysis. However, the energy transfer
efficiency was low due to the loose contact between the UCPs
and photocatalyst. The as-prepared photocatalysts even cannot
disperse well in aqueous solutions for water purification due to

materials.” ' It is true that the light absorption edge can be Received: October 6, 2013
extended to the long wavelength range (mostly visible light Accepted: November 18, 2013
range) with the help of these strategies, but efficient NIR Published: November 18, 2013
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the hydrophobic properties of the UCPs.”® The wide bandgap
and low reactivity of the photocatalysts determine that the
photocatalytic activities of these upconversion photocatalytic
composites in aqueous solution were enhanced by only a small
fraction.'®"” Moreover, the influence of different upconversion
properties of the UCPs in affecting the NIR-driven photo-
catalysis is still unreported yet.

In this work, we designed a uniform double-shell-structured
photocatalyst, which can effectively harvest the NIR for
photocatalysis, for the first time. It consisted of f-
NaYF,:Yb**, Tm**/Er** as the core, amorphous SiO, as the
media shell, and UV—vis responsive high-reactive anatase TiO,
nanocrystals exposed with the {001} facets as the outer shell
(Scheme 1). To confirm the influence of different UCPs played

Scheme 1. Schematic Illustration for the Preparation of f-
NaYF,:Yb*",Tm**/Er** @Si0,@TiO, Double-Shell-
Structured Upconversion Photocatalysts®
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“The TiO, shell is composed of anatase nanocrystals exposed with the
{001} facets.

on photocatalysis, f-NaYF, sensitized by Yb** and activated by
Tm®" or Er* ions, which will emit blue and green light
(different photon energy), respectively, was introduced. Results
indicate that the as-prepared photocatalyst presented a high
performance for Rhodamine B (RhB) degradation under the
NIR irradiation with the help of suitable UCPs (f-
NaYF,:Yb*",Tm*") and a proper structure for efficient energy
transfer. This work will give a new sight to understand the
effect of different upconversion properties on enhancing the
NIR-driven photocatalytic activity of TiO,-based photo-
catalysts.

2. EXPERIMENTAL SECTION

2.1. Preparation of f-NaYF,:Yb3*,Tm3*/Er** Nanoparticles.
Monodispersed -NaYF,:Yb**, Tm* nanoparticles were synthesized
according to the methods reported before. Typically, 20 mL of I-
octadecene along with 20 mL of oleic acid were added into a 100 mL
3-necked flask containing 2 mmol of YCl;-6H,0 and a small amount
of YbCl;:6H,0 and TmCl;-6H,0 (molar ratio of YCl;-6H,0/YbCl;-
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6H,0/TmCl;:6H,0 was 79.5:20:0.5). The mixture was heated to 156
°C under the N, atmosphere and held at that temperature for 30 min.
The obtained solution was cooled down to 60 °C. Then, a 20 mL
methanol solution containing 8 mmol of NH,F and 5 mmol of NaOH
was added dropwise. The resulting solution was stirred at the initial
temperature for 30 min to consume all the fluoride and then slowly
heated to 100 °C and maintained for 10 min to evaporate the
methanol. At last, the flask was heated to 310 °C and held at this
temperature for 60 min under the N, atmosphere. After the mixture
cooled down to room temperature, the obtained nanoparticles were
precipitated by adding 20 mL of ethanol and were separated by
centrifugation. The washed nanoparticles were dried at 60 °C in
vacuum overnight. For the preparation of f-NaYF,:Yb*" Er**, TmCl,-
6H,0 was replaced by ErCl;-6H,0 and the molar ratio of YCI;-6H,0/
YbCl;-6H,0/ErCl;-6H,0 was 78:20:2. The rest of the procedures
were the same as that for the preparation of -NaYF,:Yb**, Tm*.

2.2. Preparation of f-NaYF,:Yb3*, Tm3*/Er**@Si0,@TiO, Pho-
tocatalysts. In a typical synthesis procedure, 0.19 g of f-
NaYF4:Yb**, Tm*" was suspended in 200 mL of isopropyl alcohol by
sonication and magnetic stirring. Then, 10 mL of deionized water and
6 mL of ammonium hydroxide (volume concentration of ca. 25%)
were added into the suspension, followed by magnetic stirring for 20
min; 0.41 g of tetraethyl orthosilicate (TEOS) was added into 20 mL
of isopropyl alcohol to form a transparent solution which will be added
into the aforementioned suspension with a dropping speed of 1 mL/
min by a peristaltic pump. The mixture was magnetically stirred at
room temperature for 6 h to obtain SiO, coated S-NaYF,:Yb**,Tm>*.
The as-prepared sample, named -NaYF,:Yb*", Tm** @SiO,, was dried
at 60 °C overnight.

B-NaYF,:Yb*' Tm>@Si0, (0.2 g) was dispersed in 20 mL of
alcohol by sonication treatment. Then, 0.1 g of hydroxypropyl
cellulose and 0.1 mL of deionized water were added into the
suspension, followed by magnetic stirring for 2 h at room temperature
to ensure the sufficient adsorption of hydroxypropyl cellulose by f-
NaYF,:Yb** Tm*@SiO,. One milliliter of tetrabutyl titanate was
added into S mL of alcohol to form a transparent solution which was
then added into the suspension with a speed of 0.5 mL/min by the
peristaltic pump. After injection, the temperature was increased to 85
°C under refluxing conditions for 100 min. The precipitate was
isolated by centrifugation, washed with ethanol, and dispersed in 33
mL of ethanol to give a -NaYF,:Yb*, Tm** @SiO,@amorphrous TiO,
suspension.

The as-obtained B-NaYF,:Yb**, Tm**@SiO,@amorphrous TiO,
suspension was mixed with 17 mL of deionized water containing
0.09 g of NH,F by sonication and magnetic stirring for 30 min. The
resulting suspension was transferred to a dried Teflon-lined stainless
steel autoclave with a capacity of 60 mL, which will be heated at 180
°C for 24 h in an electric oven. After the reaction, the yellow-colored
product was washed with deionized water and ethanol for three times
to remove the residual contamination by centrifugation. The finally
obtained product, named -NaYF,:Yb**, Tm** @Si0,@TiO,, was dried
at 60 °C in a vacuum oven. For the preparation of fg-
NaYF,:Yb* Er*@SiO,@TiO, double-shell-structured photocatalyst,
B-NaYF,:Yb** Tm* was replaced by #-NaYF,:Yb** Er** and the rest of
the processes were the same. With the help of the above experimental
method, the obtained molar ratio of TiO, to f-NaYF,:Yb*, Tm>*/Er**
was 2.7:1 in the finally obtained upconversion photocatalysts. Pure
TiO, nanocrystals were also prepared by the same method in the
absence of f-NaYF,:Yb*, Tm™/Er** @SiO,.

2.3. Preparation of Physical Mixtures of P25/TiO, and fg-
NaYF,:Yb3*, Tm3*/Er®*. Commercial P25 (Degussa, Germany) is a
well-known UV responsive TiO, photocatalyst. The combination of
P25 with S-NaYF,:Yb**,Tm>/Er** can be used to confirm the
upconverted UV in driving the photocatalytic reaction. Typically, 0.1 g
of P25 and 0.1 g of B-NaYF,:Yb**, Tm> /Er** were mixed together by
dry ball milling with a speed of 250 rpm. The physical mixtures, named
B-NaYF,:Yb** Tm* /P25 and -NaYF,:Yb* Er’*/P25, were collected
for photocatalytic activity measurement. The same process was also
used to prepare f-NaYF,:Yb*, Tm* /TiO, and B-NaYF,:Yb* Er*/
TiO,.
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Figure 1. SEM and TEM images of (a, d, g) f-NaYF,Yb**, Tm**@SiO,, (b, e, h) f-NaYF,:Yb*", Tm* @SiO,@amorphous TiO,, and (g, f, i) f-
NaYF,:Yb** Tm* @SiO,@TiO, show the fabrication processes and structures of f-NaYF,:Yb**, Tm>*"-based double-shell-structured upconversion
photocatalysts. (j) High resolution TEM image of the nanoparticle circled in panel i confirms the TiO, shell is composed of nanocrystals exposed
with the {001} facets. (k) XRD patterns of (1) f-NaYF,:Yb*, Tm?*, (2) f-NaYF,:Yb*", Tm**@SiO,, and (3) f-NaYF,:Yb*", Tm**@Si0,@TiO, show

the crystal phase of anatase TiO, and -NaYF,:Yb**, Tm*".

2.4. Characterization. Powder X-ray diffraction (XRD) measure-
ments of as-prepared samples were conducted on an ARL X'TRA X-
ray diffractometer using Cu Ko radiation (4 = 0.15406 nm) at a
scanning rate of 5°/min. During the measurement process, the voltage
was set as 40 kV, electric current was 30 mA, and the step width was
0.02°. An UV—vis light absorption spectrum was obtained with a 3101
spectrophotometer with BaSO, as the reference sample. Scanning
electron microscopy (SEM) was performed with a S-4800 scanning
electron analyzer with an accelerating voltage of 15 kV. Transmittance
electron microscopy (TEM) analysis was conducted on a JEM-2010
electron microscope (JEOL, Japan) at an accelerating voltage of 200
kV. Each sample (0.2 g) was compressed in a mold with the same
pressure in order to record the photoluminescence (PL) emission
spectrum on a FL3-221 fluorescence spectrophotometer with a 980
nm laser as the excitation source at room temperature. As the light flux
of each sample was the same, the obtained emission bands of each
sample can compare the intensity with each other. The surface
chemical environments were analyzed by X-ray photoelectron spectra
(XPS) on a PHIS000 VersaProbe system with monochromatic Al Ka
X-rays. All the peaks were calibrated with the contaminated C 1s peak
of 284.6 eV. Electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker EMX 10/12 spectrometer (X-band) equipped
with a cylindrical cavity operating with a microwave frequency of
9.3503 GHz. The sample (100 mg) was cooled to 77 K using liquid
He. The magnetic field was measured by means of a Bruker ER035 M
NMR gaussmeter.

2.5. Photocatalytic Activity of As-Prepared Photocatalysts.
Photocatalytic reaction was performed by monitoring the RhB
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degradation. The concentration change was estimated by measuring
the optical absorption peak at 553 nm using the Shimadzu UV-3101
spectrophotometer. In a typical experiment, 10 mg of as-prepared
photocatalysts was dispersed into a quartz bottle containing 10 mL of
RhB aqueous solution (107° M) and then kept stirring in the dark for
1 h to establish the adsorption—desorption equilibrium between RhB
and the photocatalyst. A 980 nm laser with different power density (3,
7, 10, and 15 W/mm?) was used as the light source for the NIR-driven
photocatalytic reaction. After irradiation for a designated time, 0.5 mL
of the RhB aqueous solution was taken out to measure the absorption
spectrum and then put back into the quartz bottle for further
measurement. In order to investigate the photocatalytic activity under
the UV and visible light irradiation, a 14 W UV lamp with central peak
at 365 nm and a 500 W xenon lamp covered with an UV filter were
also used as the light source.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Morphology. The SEM
images of A-NaYF,:Yb**, Tm®" and p-NaYF,:Yb**Er’* are
presented in Figure S1, Supporting Information. As can be
seen, both the uniform and monodispersed UCPs have a
particle size of ca. 150 nm in diameter and ca. 100 nm in height.
No distinguishable differences in morphology were detected
between the two UCPs, indicating that different dopin
processes have little influence on the morphology features.”
As a result, we employ -NaYF,Yb*", Tm>*-based samples to
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Figure 2. UV—vis light absorption spectra of (a) f-NaYF,:Yb*, Tm*, f-NaYF,:Yb*", Tm*@SiO,@TiO,, and P25 and (c) -NaYF,:Yb* Er**, j-
NaYF,:Yb** Er**@SiO,@TiO,, and P25. The true colors of B-NaYF,:Yb* Tm*@SiO,@TiO, and B-NaYF,:Yb*" Er*@SiO,@TiO, are also
inserted in (a) and (c), respectively. Photoluminescence spectra of (b) f-NaYF,:Yb*', Tm*", f-NaYF,:Yb*, Tm* @SiO,, and f-NaYF,:Yb**, Tm**@
SiO,@TiO, and (d) f-NaYF,:Yb*" Er**, f-NaYF,:Yb* Er*@SiO,, and -NaYF,:Yb* Er** @SiO,@TiO,. The actual photoluminescence images of
B-NaYF,:Yb** Tm* and B-NaYF,:Yb* Er’* dispersed in cyclohexane and -NaYF,Yb*", Tm**@SiO,@TiO, and f-NaYF,:Yb** Er** @SiO,@TiO,
dispersed in deionized water are shown on the left (inset) and right (inset) of (b) and (d), respectively.

illustrate the morphology changes during the further exper-
imental process.

After coating -NaYF,:Yb*", Tm*" with SiO, (Figure la),
amorphous TiO, (Figure 1b), and TiO, nanocrystals exposed
with the {001} facets (Figure 1c), it can be clearly observed
that the surface structure was changed significantly. In addition,
we noticed that coating with SiO, and TiO, will induce slight
aggregation between the particles, as can be seen from the
TEM images shown in Figure 1d—f. In Figure 1g, it is clear that
the surface of f-NaYF,:Yb*", Tm**@SiO, is very smooth and
the thickness of SiO, is ca. 30 nm. When TiO, was introduced
onto the surface of f-NaYF,:Yb**, Tm* @SiO, (Figure 1h,i),
the double-shell structure of SiO, and TiO, can be observed
clearly. The outer TiO, shell is composed of a large amount of
nanocrystals with a size of ca. 20 nm. These TiO, nanocrystals
will result in a large internal surface area so as to enhance the
contact with water contaminants for efficient photocatalytic
degradation.”

To verify the crystal structure of as-obtained TiO, nano-
crystals, the high resolution TEM image shown in Figure 1j
gives fine-resolved lattice fringes of the nanocrystal circled in
Figure li. The interplanar distance between adjacent lattice
planes was determined as ca. 0.35 nm, matching the d(101)
value of anatase TiO,.”**> Combining the typical shape of the
nanocrystal, we can deduce that the TiO, nanocrystal is
exposed with the high-reactive {001} facets. This crystal
structure will enhance the photocatalytic activity compared to
the nanocrystals dominated by the more thermodynamic stabile
{101} facets.”** Figure 1k shows the XRD patterns of as-
synthesized S-NaYF,:Yb*, Tm*, S-NaYF,;Yb* Tm* @SiO,,
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and f-NaYF,:Yb*", Tm* @SiO,@TiO,. Major XRD peaks of
the three samples can be indexed to f-NaYF, (JCPDS No. 16-
0334).>' The typical diffraction peaks of anatase TiO, detected
in f-NaYF,:Yb> Tm* @Si0,@TiO, confirms the presence of
TiO, and previous crystal structure analysis. Due to the coating
with SiO, and TiO, layers, the relative diffraction intensity of f3-
NaYF,:Yb**, Tm* in S-NaYF,:Yb**, Tm**@SiO, and S-NaY-
F,:Yb** Tm* @SiO,@TiO, was slightly weakened compared to
that of pure f-NaYF,:Yb**, Tm>*. Similar double-shell structures
and XRD patterns were also observed for -NaYF,:Yb**Er**-
based samples (Figures S2 and S3, Supporting Information).
3.2. Optical Properties. UV—vis light absorption spectra of
B-NaYF,:Yb*" Tm** @Si0,@Ti0,, S-NaYEF,:Yb**, Tm** and
P25 are shown in Figure 2a. Compared to the spectrum of f-
NaYF,:Yb**, Tm?, it is obvious that the yellow colored fS-
NaYF,:Yb*", Tm** @SiO,@TiO, (inset in Figure 2a) also shows
a light absorption peak at 980 nm, which is the typical property
of Yb*". More importantly, a light absorption edge before 400
nm which is overlapped with that of P25, corresponding to the
band absorption of TiO, (ca. 3.2 eV), is observed for the
spectrum of S-NaYE,Yb* Tm* @SiO,@TiO,.'® This phe-
nomenon indicates that the outer TiO, layer plays a significant
role in affecting the light absorption property of p-
NaYF,:Yb*", Tm** @SiO,@TiO, double-shell-structured upcon-
version photocatalyst. More importantly, the absorption
intensity of the outer TiO, layer is enhanced compared to
that of P25, indicating the extension of the light responsive
range.”*”® Combining the information given by the three
samples, we can conclude that the light absorption range of the
TiO, shell is extended to ca. 828 nm. The origination of the
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light absorption extension can be illustrated by the N 1s and F
1s XPS analysis shown in Figure 3a,b, respectively (Notice: the

404 680 682 684 686 688 &
Binding cnergy (V)

(©)
g,=1.991 g,~1.961
el
S
2
]
Q
o
(-]
m W
T Lf T Lf
3300 3400 3500
Magnetic field (Gauss)

Figure 3. (a) N 1s, (b) F Is high resolution XPS spectra, and (c)
typical Ti** EPR signal of #-NaYF,:Yb*, Tm**@SiO,@TiO,.

investigation depth is less than 10 nm; thus, the results can be
ascribed to be originated from the outer TiO, shell). Two XPS
peaks of N 1s signal centered at 398 and 401 eV can be ascribed
to the intersectional N species located in the TiO, lattice, which
will enhance the light absorption in the visible range.'®** The F
1s XPS peak with a asymmetric shape is also detected. The
existence of the surface absorbed F atoms (with peak centered
at 684.7 eV) will reduce the surface energy of TiO, particles,
resulting in preferential growth of the crystals exposed with the
high-reactive {001} facets.®® The F Is peak centered at 686.4
eV can be ascribed to the substitution F atoms with Ti—F—Ti
chemical bonds, which will result in the formation of Ti**
centers to extend the TiO, light absorption to the NIR range.>!
To further confirm the existence of Ti’* centers, EPR analysis
was conducted. In Figure 3c, a typical Ti’* signal with g values
of g = 1.99 and g, = 1.96 was observed in the sample of f-
NaYF,:Yb** Tm** @SiO,@TiO,. The formation of Ti** in TiO,
nanocrystals exposed with the {001} facets in such a critical
environment with the presence of F atoms may due to the high
pressure. The high pressure may promote the substitution of O
by the F atoms. A similar result has been reported by our group
in the preparation of pure anatase TiO, nanosheets."
Photoluminescence spectra of f-NaYF,:Yb*, Tm®*, f-NaY-
F,:Yb* Tm* @Si0,, and -NaYF,:Yb*", Tm>* @SiO,@TiO, are
shown in Figure 2b to illustrate whether the photo energy
generated via the upconversion process by UCPs can be
absorbed by the high-reactive TiO, layer. The emitted
upconversion luminescence was conducted under the excitation
of the 980 nm laser beam. Bright blue light with emission bands
centered at 288, 360, 449, 474, 645, and 695 nm of f-
NaYF,:Yb*", Tm*" (inset in Figure 2b (left)) can be observed by
the naked eye. The luminescence intensity of S-NaY-
F,:Yb*' Tm* @SiO, decreased a little compared to that of
pure $-NaYF,:Yb*, Tm**. However, the coated SiO, shell with
hydrophilic property will improve the dispersion condition in
the aqueous solutions so as to enhance the contact between the
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pollutants and as-prepared upconversion photocatalysts.*> This
layer will also prevent the HF corrosion during the hydro-
thermal process and electron trapping caused by surface defects
and ligands of bare p-NaYFE,:Yb** Tm*.*' Furthermore, the
photocatalytic process undergoes complicated reduction and
oxidation reactions, and the introduction of SiO, will also
prevent the upconversion particle from photocatalysis induced
corrosion to prolong its lifetime. Therefore, coating with SiO,
would not result in heavy attenuation of the upconversion
photocatalytic activity. After further TiO, coating, the
luminescence intensity decreased significantly compared to
that of f-NaYF,:Yb*", Tm** @SiO,. The significant decrement
appearing here can be illustrated by the part of the emitted
luminescence that has been absorbed by the TiO, shell, for the
emission bands are all in the absorption range of the TiO,
shell.'® More importantly, the full spectrum decrement
confirms that the TiO, shell can absorb the long wavelength
light. This is very different from the already reported results in
which the photocatalysts can only make use of the UV for
photocatalysis.'®'” Due to the scattering effect (this effect will
also decrease the NIR intensity only a little according to the
published works'®'”) of TiO, nanocrystals, the upconverted
luminescence will irradiate a larger area compared to the single
light path of pure f-NaYF,:Yb*", Tm?* dispersed in cyclohexane
(inset in Figure 2b). These efficient energy transfer processes
will be beneficial for NIR-driven photocatalysis.

To find out the effect of different UCPs played on
photocatalytic activities of the new kind upconversion photo-
catalyst, f-NaYF,:Yb* Er** with different emission bands was
also employed as the core material to compare with that of the
B-NaYF,:Yb**, Tm*'-based upconversion photocatalyst. As
shown in Figure 2¢,d, a similar phenomenon is observed for
B-NaYF,:Yb*" Er’*-based samples, except the emitted blue
luminescence was replaced by the bright green luminescence
which has emission bands centered at 380, 407, 522, 548, and
660 nm. Comparing the luminescence wavelength of p-
NaYF,:Yb*, Tm*" and B-NaYF,:Yb* Er*, it is clear that the
luminescence derived from A-NaYF,:Yb**,Tm* has higher
photo energy which is very beneficial for photocatalytic
reactions in decomposing pollutants. Furthermore, the
luminescence intensity of S-NaYF,:Yb*"Er’" is three times
higher than that of f-NaYF,:Yb*",Tm**, which may due to the
different percentage of the doped rare earth ions. On the basis
of our previous studies, the constitutions of both samples are
the optimal ones to give the highest luminescence intensity.>>
More importantly, the upconversion process from Yb** to Er**
is a two-step process, while the one from Yb*>" to Tm®" is a
three- or four-step process.”* Thus, the probability of the first
one is normally higher. Moreover, the Yb*" to Er’" energy
transfer is a resonant one, while Yb** to Tm>" is a nonresonant
one, meaning that extra energy from the crystal lattice is needed
to have upconversion in the latter case. This also will make
Tm*" emissions weaker through upconversion compared to
that of Er’’. Anyway, the same particle size of f-
NaYF,:Yb*",Tm*" and $-NaYF,:Yb*"Er’* shown in Figure SI,
Supporting Information, may allow us to exclude the particle
size effect and only consider the luminescence intensity and
photon energy effects on the photocatalytic reactions.

3.3. Photocatalytic Activity Measurement. On the basis
of the above results, we tested the photocatalytic activity of -
NaYF,:Yb*", Tm**- and -NaYF,:Yb* Er**-based upconversion
photocatalysts with double-shell structures for the photo-
catalytic degradation of RhB under the NIR irradiation (15sW/
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Figure 4. (a) Photocatalytic activities and first order apparent rate constants of as-prepared photocatalysts in the degradation of RhB under the NIR
(980 nm, 15 W/mm?) irradiation and (b) corresponding RhB absorption spectra at the initial state and with the presence of f-NaYF,:Yb*", Tm* @

SiO,@TiO, and B-NaYF,Yb* Er**@SiO,@TiO,.
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Figure 5. Repeated photocatalytic activity measurements with the presence of (a) f-NaYF,:Yb*" Tm*@SiO,@TiO, and (b) #-NaYF,.Yb** Er**@

SiO,@TiO, under the 980 nm laser (15 W/mm?) irradiation.

mm?). Photocatalytic activities of pure P25/TiO, and their
physical mixture with S-NaYF,:Yb*", Tm* /Er** were also
tested. Figure 4a gives the RhB photodecomposition efficiency
curves as a function of the irradiation time with the presence of
as-prepared photocatalysts under the NIR irradiation. It can be
observed that pure RhB aqueous solution shows little
degradation in 6 h, indicating its stability under such an
intense laser irradiation. With the presence of f-NaY-
F,:Yb**, Tm* and $-NaYF,:Yb**Er*, the absorption intensity
of RhB at 553 nm decreases gradually with the increase of
irradiation time (Figure 4b), indicating the degradation of RhB
under the NIR irradiation is ascribed to the photocatalytic
reaction of the photocatalysts.*® The photocatalytic degradation
efficiency was evaluated through the concentration after NIR
irradiation relative to the original absorption value of RhB. It is
observed that the photocatalytic activity of f-NaY-
F,:Yb* Tm* @SiO,@TiO, is higher than that of A-NaY-
F,:Yb** Er¥* @SiO,@TiO,. The first order apparent rate
constant increased from 0.2912 h™ (k(Er)) to 0.3624 h~*
(k(Tm)) with the replacement of f-NaYF,:Yb* Er**@SiO,@
TiO, by f-NaYF,Yb*' Tm** @Si0,@TiO,. As discussed, the
luminescence intensity of S-NaYF,:Yb*" Er**@SiO,@TiO, is
higher than that of A-NaYF,:Yb* ,Tm**@SiO,@TiO,; the
higher photocatalytic activity of -NaYF,:Yb*", Tm**@SiO,@
TiO, may indicate that the emission bands position of
upconversion materials are more important for their photo-
catalytic activity. This result can also be proven by P25-based
upconversion composites. The composite of S-NaY-
F4:Yb3+,Tm3+/P25 gives more decomposition of RhB than
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that of f-NaYF,:Yb*"Er'*/P2S and pure P25 under the NIR
irradiation. Another interesting point is how the TiO, make
uses of the low frequency emissions for efficient photocatalysis.
As is known, TiO, photosensitized by RhB may give itself
visible-light-driven photocatalytic activity.*® In the present
study, the UV emissions are much weaker than the visible
ones. However, such intense visible emissions did not give f-
NaYF,:Yb*",Tm*" /P25 and pS-NaYF,:Yb**Er**/P25 higher
photocatalytic activity compared to the composites of f-
NaYF,Yb*", Tm**/Er’* and TiO, nanocrystals (Figure S4,
Supporting Information). This result may allow us to ascribe
the use of the low frequency emissions for photocatalysis to the
introduced N and Ti** species, and it is true that a lot of works
have confirmed that N and/or Ti’* doping can improve the
visible-light photocatalytic activity of TiO,. Moreover, it also
indicates the importance of close contact between the
photocatalysts and UCPs in the preparation of the NIR-driven
photocatalysts.

To investigate the durability of their photocatalytic activities
under the NIR irradiation, we repeat the same photocatalytic
degradation test of f-NaYF,:Yb*', Tm* @SiO,@TiO, for four
cycles (Figure 5). As can be observed, the NIR-driven
photocatalytic activity of f-NaYF,:Yb**, Tm* @SiO,@TiO, is
very stable. As is known, the irradiated light intensity also plays
a significant role in affecting the photocatalytic activity. Hence,
photocatalytic degradation of RhB was also conducted under
the NIR irradiation with different power density. It can be
observed from Figure 6 that the photocatalytic activity is
increased with the increment of NIR power density, due to the
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Figure 6. Photocatalytic activities and first order apparent rate
constants of f-NaYF,:Yb**, Tm** @SiO,@TiO, in the degradation of
RhB under the NIR (980 nm) irradiation with different power
densities.

upconversion efficiency of f-NaYF,:Yb*',Tm*" being closely
related to the excitation light intensity. The first order apparent
order constants also show great differences among each other.
This phenomenon may allow us to get a new idea to make use

of the NIR energy of the sunlight for photocatalysis. In fact,
different power intensities will give different thermal effects; the
already published work and our results have confirmed that
thermal effect has little influence on the degradation of this type
of organic pollutant.'®

In order to confirm the superiority of S-NaYF,:Yb**, Tm*
over f-NaYF,:Yb* Er’" in improving the NIR-driven photo-
catalytic activity, UV and visible light were also employed as the
light sources to investigate the photocatalytic activity. As shown
in Figure SS, Supporting Information, both p-NaY-
F, :Yb* Tm* @Si0,@TiO, and pB-NaYF,:Yb*" Er**@SiO,@
TiO, give similar degradation of RhB under the visible light
irradiation. A slight cross of the photocatalytic results may
result from the experimental operation during the photo-
catalytic process. P2S-based photocatalytic composites have
little effect on the degradation of RhB, confirming that the
visible-light-driven property of as-prepared double-shell-struc-
tured photocatalysts is due to the introduction of N and Ti**
and the significant role of the NIR applied in photocatalysis.
When the UV light was employed as the excitation source
(Figure S6, Supporting Information), P25 gave the highest
decomposition compared to the rest of the photocatalysts. The
lower decomposition of A-NaYF,:Yb**, Tm®"/P25 and p-

Scheme 2. Photocatalytic Mechanisms of #-NaYF,:Yb*", Tm*"/Er** @SiO,@TiO, Upconversion Photocatalysts under the Full
Spectrum Light Irradiation and Upconversion Mechanisms of f-NaYF,:Yb**,Tm*'/Er’" under the 980 nm Laser Irradiation
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NaYF,:Yb*" Er’*/P25 may due to the disturbance of light
absorption by #-NaYF,:Yb**, Tm*" and -NaYF,:Yb* Er*, for
they were just physically mixed together. More importantly, S-
NaYF,:Yb*", Tm*@Si0,@TiO, and B-NaYF,:Yb*" Er*@
SiO,@TiO, also show similar photocatalytic activity in the
degradation of RhB. The similar photocatalytic results under
the UV and visible light irradiation indicate that both p-
NaYF,:Yb*", Tm*@Si0,@TiO, and S-NaYF,:Yb*" Er*@
SiO,@TiO, have almost the same structures which have little
effect on comparing their photocatalytic activity. These results
may allow us to confirm the superior photocatalytic activity of
S-NaYF,:Yb*" Tm** @Si0,@Ti0, to B-NaYF,:Yb*' Er’*@
SiO,@Ti0, under the NIR irradiation to f-NaYF,:Yb*, Tm>*
which can upconvert the NIR to higher energy photons more
efficiently than f-NaYF,:Yb**,Er**. One more thing that should
be pointed out is the UV-driven photocatalytic activity of the
double-shell-structured photocatalysts being higher than that of
the P25 composites, indicating the superiority of the structure
due to the TiO, nanocrystals being all deposited on the outer
shell. Further work may be needed to improve the photo-
catalytic activity of the TiO, shell.

Scheme 2 gives a deep insight on A-NaYF,:Yb*  Tm*@
SiO,@TiO, and A-NaYE,:Yb*' Er**@SiO,@TiO, absorbing
the full spectrum of light for photocatalysis. The outer TiO,
layer can quickly absorb the UV and visible light for
photocatalysis, for its intrinsic property and its bandgap
modification by N and Ti** species. The high penetrability of
the NIR allows it to go further into the inner structure to excite
the upconversion materials, such as f-NaYF,:Yb*", Tm®" and f5-
NaYF,:Yb*" Er**. The pumping of 980 nm of light only excites
the Yb** ion, resulting in population of the *Fs, level. Then,
the Tm* and Er** ions will be excited due to the efficient
energy transfer from Yb*'. For the sample of S-NaY-
F,:Yb* , Tm*, the emitted light centered at 288, 360, 449,
474, 645, and 695 nm is attributed to the Tm>" transitions of
1,~°H,, 'D,—°H,, 'D,—°F,, 'G,~°H, 'G,—~°F, and
3F;—°Hg. The emission peaks centered at 380, 407, 522, 548,
and 660 nm of $-NaYF,:Yb**Er’* are attributed to the Er**
transitions of *Gy;,—>'is Hopn—"lisn *Hiipn—"lis)
*S3,—"15/» and *Fy;,—*;5). It is clear that the Tm®" and
Er’* give different properties in converting the NIR to high
energy photons, which affects the NIR-driven photocatalysis
significantly. Furthermore, these emission peaks are all in the
UV and visible range, which are totally in the TiO, absorption
range. Then, the upconverted light will go through the
transparent SiO, layer to excite the outer high-reactive TiO,
nanocrystals. By all these steps, the as-prepared upconversion
photocatalysts can absorb the NIR efliciently for photocatalysis.
The {001} facets of TiO, nanocrystals will also enhance the
photocatalytic activity to a certain degree. We also tried to etch
the SiO, layer to get a higher intensity of the upconverted
luminescence. However, the TiO, nanocrystals will depart from
the particles, for they are rooting on the SiO, shell (Figure S7,
Supporting Information). Heat treating the particles may allow
the TiO, nanocrystals to form a compact shell, but this will
cause the elimination of the {001} facets and will decrease the
specific surface area of the photocatalysts which are negative for
photocatalytic activity enhancement.*”** These topics may be
very promising in the near future.
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4. CONCLUSIONS

In this work, for the first time, highly uniform double-shell-
structured B-NaYF,:Yb*, Tm* /Er* @SiO,@TiO, photocata-
lysts were prepared and employed for RhB degradation. The
designed structure gives effective energy transfer from UCPs to
TiO,. Similar photocatalytic activity of f-NaYE,:Yb**,Tm* @
SiO,@TiO, and B-NaYF,:Yb* Er*@SiO,@TiO, under the
UV and visible light irradiation confirms their similar structures.
The superior photocatalytic activity of f-NaYE,:Yb**,Tm* @
SiO,@TiO, over S-NaYF,:Yb** Er*@SiO,@TiO, under the
NIR irradiation gives us a new insight on enhancing the
upconversion photocatalytic activity by proper UCPs which can
emit higher energy photons. Furthermore, the NIR-driven
photocatalytic activity is very stable and is closely related to the
NIR power density. Our work paves an effective way to enable
the application of NIR energy for photocatalysis by employing
UCPs. Further improvement of performance for photocatalysis
based on upconversion materials and TiO, might be achieved
by enhancing the upconversion fluorescence of UCPs by
various means, controlling the thickness of SiO, and TiO,, and
enhancing the photocatalytic activity of TiO, by noble metals
and high-conductive materials modification.
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