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Rare-earth doped titania single-crystalline hollow nanoparticles of 20 nm are constructed via a simple sol-gel process. Am-
phiphilic ABA tri-block copolymers played a key role in assisting the formation of hollow structure, for which a hollow
nanostructure growth mechanism is proposed. By introducing rare earth into the synthesis process, the as-prepared nanoparti-
cles exhibit near-infrared light absorption properties. Photo-decomposition efficiency of Orange II azo dye can be successfully
evaluated when using Yb**-doped TiO, hollow nanoparticles as photocatalysts; it is more than two times higher than the pure
TiO, hollow nanoparticles. The hollow nanostructured Yb**-doped TiO, samples are exploited as photoanodes in N719-
sensitized solar cells and prove able to improve the photoelectric conversion efficiency by measuring the solar cell parameters

of dye-sensitized solar cells (DSSCs) under simulative sunlight.

rare earth, hollow nanostructure, titania, single-crystalline, copolymer

1 Introduction

Because humans have a stronger appetite for energy than
ever, and because traditional fossil fuels are dirty and there
are not enough to satisfy demand, finding alternatives to
fossil fuels is one of the most important and urgent tasks for
scientists of this century and possibly many centuries to
come. Solar energy, which has always been a star in the
category of clean energy, will be there as long as the sun
rises; the only problem is how to turn that huge amount of
energy into use. The utilization of solar energy has been
widely investigated [1-5]. TiO,, as one of the most
promising and suitable semiconductor materials, has recei-
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ved increasing attention from all over the world for its wide
potential applications in solar energy conversion in, for
example, dye-sensitized solar cells (DSSCs) [6,7] and as an
efficient photocatalyst [8,9]. However, its practical appli-
cations are hindered by low photon-conversion efficiency
due to the rapid recombination of electron/hole caused by
surface traps on the TiO, and limited light absorption
because of its large band gap (3.2 eV).

In order to inhibit the rapid recombination of electron/
hole and to enhance the light absorption of TiO, for solar
energy applications, numerous methods have been
investigated. Of these two have been widely practiced. One
effective strategy involves transition metals doping [10,11]
for enhanced light-absorption capacity and improved
quantum yields. Rare-earth metals as dopants have recently
shown great potential [12,13]. Stucky et al. [14] found that
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mesoporous titania doped with europium ions produced a
bright near-monochromatic red luminescence because the
anatase nanocrystallites excitation within their band gap
resulted in nonradiative energy transfer to the europium ions.
Wang et al. [15] and Yan et al. [15,16] introduced Eu*,
Sm®, and Yb**. Rare-earth metals with rich spectroscopic
properties can thus be doped in TiO, to assist the electron/
energy transfer processes and suppress the recombination of
electron/hole in order to increase photoconversion effici-
ency [17,18].

Another generally used protocol is the creation of
nanostructured TiO, [19,20] that can achieve better solar
energy applications. Of these, hollow nanostructures are of
great interest in a wide range of areas (e.g., as catalysis and
in energy-storage applications) due to their unique structural
features. At present, hollow-structured TiO, has attracted
much more attention because, compared to solid materials,
this structure exhibits stronger light-harvesting capacity and
outstanding photoelectric performance due to good per-
meation, high mobility, and large specific surface area
[21,22]. Many efforts have been made to improve the
design and synthesis of TiO, hollow structure. To this end,
various synthesis methods for TiO, hollow structure have
been developed, mainly templating synthesis [23,24],
sacrificial templating synthesis [25], and template-free
methods [26]. Lou et al. [27] reported the preparation of
nonspherical anatase TiO, hollow colloids through hydro-
thermal deposition of polycrystalline anatase TiO, on six
different types of hematite nanotemplates. Yang et al. [28]
successfully fabricated anatase TiO, hollow spheres with
diameters of 0.2-1.0 um, in which Ostwald ripening was
used to form hollow structure by hydrothermally heating a
TiF, solution. Although various syntheses of submicrometer
titania hollow structure have been reported, few works have
presented the formation of TiO, hollow nanoparticles of less
than 30 nm using a soft template method.

We report a simple and facile sol-gel process to
synthesize Yb**-doped TiO, single-crystalline hollow nano-
particles (HNPs) about 20 nm in diameter. Our method
integrates rare-earth ion doping and hollow nanostructured
TiO, fabrication design to achieve a rationale for enhanced
solar-energy utilization efficiency. Amphiphilic surfactant
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (P123) as the templating agent plays
an important role in directing the formation of hollow
structure. By doping rare-earth metal ions, the obtained
crystallized ytterbium-doped TiO, HNPs exhibit near-
infrared light-absorption properties. We further investigated
the photocatalytic efficiency of the products by using
Orange II dye degradation as probe reaction, and found that
after irradiating for 160 min, 86% of the Orange II was
decomposed on the Yb**-doped TiO, HNPs whereas 40% of
the dye was degraded on the pure TiO, HNPs. The
photoelectric conversion efficiency was also improved via
exploiting the HNPs as photoanodes in DSSCs. The DSSC
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with 0.5 mol% Yb**-doped TiO, HNPs achieved a maximum
short-circuit photocurrent density of 7.63 mA/ecm® and
energy-conversion efficiency of 3.66%, which is much
better than pure TiO, hollow nanoparticles.

2 Experimental

2.1 Materials

Pluronic P123 (M,,=5800, EO,,PO;,EO,;) was purchased
from Sigma-Aldrich (US). Hydrochloric acid, ethanol,
Yb,0;, and TiCly were purchased from Sinopharm Chemi-
cal Reagent Co. (China). All other chemicals were used as
received.

2.2 Synthesis of YbCl;-6H,0

First, Yb,O5 (2.5 mmol) and hydrochloric acid (15 mmol)
were added into 50 mL of deionized water with stirring and
the mixture was heated to 120 °C. After the solution became
clear, heating was stopped and then the solution was cooled
to room temperature. This resulting solution was evaporated
to get crystals in a fume hood and then dried at 60 °C
overnight.

2.3 Synthesis of TiO, HNPs

In a typical synthesis, 1 g of Pluronic P123 was dissolved in
a beaker containing 20 mL ethanol. To this solution, 2.2 mL
of the anhydrous inorganic chloride precursor TiCl, was
added with vigorous stirring (caution should be taken
because most of these inorganic chlorides react violently
with alcohol). After being stirred for 10 h at room
temperature with PE film sealing the beaker, the resulting
solution was aged at 40 °C for 3 days. The as-made bulk
samples were then calcined at 500 °C for 4 h to remove the
block copolymer surfactant.

2.4 Synthesis of ytterbium-doped TiO, HNPs

Ytterbium-doped TiO, HNPs were prepared via a method
similar to the non-ytterbium-doped TiO, preparation
process described above. Hydrous ytterbium(III) chloride
(YbCl;-6H,0) with different doping ratios (0.1 mol%, 0.5
mol%, 1 mol%, 5 mol%) was added to the ethanol solution
of P123 before TiCly. Other procedures were the same as
above.

2.5 Synthesis of TiO,-noP123

2.2 mL of the anhydrous inorganic chloride precursor TiCly
was added in a beaker containing ethanol (20 mL) with
vigorous stirring. The followed processes were the same as
that described above.
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2.6 Degradation of Orange II

First, 5 mg samples of TiO, HNPs with different doping
ratios were dispersed into 50 mL containers of Orange II
aqueous solution (10 mg/L) and the degradation processes
were performed in a SGY-IB photochemical reaction
instrument (Nanjing Stonetech Electric Equipment Co., Ltd.,
China). A 500 W xenon lamp was used as an irradiation
source. At given time intervals (20 min), the supernate was
analyzed by recording the variations of the absorption band
maximum (484 nm) on a UV-2550 spectrometer (Shimadzu,
Japan).

2.7 Preparation of photoanodes

First, 1.0 g TiO, samples containing different doping ratios
(0 mol%, 0.1 mol%, 0.5 mol%, 1 mol%, 5 mol%) were
mixed, respectively, with ethanol (8.0 mL), acetic acid (0.2
mL), terpinol (3.0 g), and ethyl cellulose (0.5 g). Then the
mixture was ball-milled for 10 h to obtain homogeneous
TiO, paste. The doctor-blading technique was used to
spread the obtained paste onto a clean fluorine-doped tin
oxide (FTO) substrate (15 Q/sq). Two parallel adhesive
tapes (approximately 50 um) serving as spacers were used
to control film thickness. After being dried in air, the
binders in the paste were removed by sintering the film at
500 °C for 1 h. The electrodes were immersed overnight in
an ethanol solution containing 0.3 mmol/L N719 dye to
achieve dye sensitization and then washed with ethanol and
dried in dry air.

2.8 Assembly of dye-sensitized solar cell

These dye-sensitized electrodes were assembled into two-
electrode sandwich cells. The composition of the iodine
electrolyte was 0.5 mol/L Lil, 0.05 mol/L I,, and 0.1 mol/L
4-tert-butylpyridine in 1:1 acetonitrile propylene carbonate,
which was introduced into the space between the identical
platinized FTO counter electrode and the photoanode.

2.9 Characterization

The morphology of the TiO, samples was analyzed with a
JEM-2100 transmission electron microscope (JEOL, Japan).
The nanostructures of the products and energy-dispersive
X-ray spectroscopy (EDX) analyses were investigated with
a Tecnai G* F20 high-resolution transmission electron mi-
croscope (FEI, US). Structure phase analyses via an X-ray
diffraction method were performed on a D8-advance X-ray
diffractometer (Bruker, Germany) with Cu-Koa radiation
(4=0.15418 nm) in a 2@ range from 10° to 80° at a speed of
6°/min. The UV-Vis-NIR absorption spectra were recorded
on a UV-3600 spectrophotometer (Shimadzu, Japan); the
powders were uniformly ground and then dry-pressed in a
solid sample holder, using barium sulfate (SP) as standard.
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The N, adsorption-desorption isotherm was obtained by
using a NOVA 4200e surface area & pore size analyzer
(Quantachrome, US). The photodegradation processes were
performed in a SGY-IB photochemical reaction instrument
(Nanjing Stonetech Electric Equipment Co., Ltd., China).
The current-density/voltage characteristics for the fabricated
DSSCs were recorded under one-sun condition with 100
mW/cm®> (AM 1.5 G) from a 91160 solar-light simulator
(Newport, US). FElectrochemical impedance spectroscopy
measurements were performed at an applied bias of Voc and
a frequency between 0.05 Hz and 100 kHz, with alternating
current (AC) amplitude of 10 mV under a simulated solar-
light illumination on a CHI-604D electrochemical analyzer
(Shanghai CH Instruments Inc., China). The active area was
about 0.1 cm”. Three DSSC devices were tested for each
sample.

3 Results and discussion

Transmission electron microscopy (TEM) images (Figure
1(a)) show that the 0.5 mol% Yb3+—d0ped TiO, HNPs
calcinated at 500 °C had hollow structures. A major
crystallite size is about 20 nm according to the size
distribution histogram (Figure S1, Supporting Information
online). A high-resolution TEM (HRTEM) image clearly
illustrates the hollow nanocrystal with single-crystalline
structure (Figure 1(b)). The distance between adjacent
lattice fringes in the highly ordered lattice array over the
shell is 0.35 nm confirmed as the standard lattice spacing of
the (101) planes of anatase TiO, [29], which indicates the
as-prepared TiO, HNPs are well-defined anatase crystal.
High-angle annular dark-field scanning transmission
electron microscopy-energy dispersive X-ray spectroscopy
(HAADF-STEM-EDS) line-scan analysis (Figure 1(c)) re-
vealed the Ti and O elements distributions in a single
ytterbium-doped TiO, HNP, which demonstrates by scan-
ning across the whole particle that the levels of Ti and O
elements on both sides are higher than the central level,
which provides more evidence for the formation of hollow
structure. EDX characterization (Figure 1(d)) further deter-
mined the composition of the HNPs and confirmed the
presence of Yb in the TiO, HNPs.

The X-ray diffraction (XRD) spectra of the TiO, HNPs
calcinated at 500 °C with varied Yb** additions are given in
Figure 2. All of the diffraction peaks match well with the
characteristic anatase phase peaks (JCPDS Card No.
21-1272) and the ytterbium oxide crystalline phase is not
found, which demonstrates that the as-prepared products
were nanocrystals in the anatase phase. As the calcination
temperature increased, the XRD signals gradually sharpened
(Figure S2, Supporing Information online), which illustrates
that higher temperature results in better crystallization. In
order to further confirm the nanostructure of the TiO, HNPs,
nitrogen adsorption-desorption measurements were carried
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Figure 1 (a) TEM and (b) HRTEM images of 0.5 mol% Yb**-doped

TiO, HNPs calcinated at 500 °C (the inset of (b) displays a corresponding

partial, enlarged view); (c) corresponding HAADF-STEM-EDS line scan
profile; (d) corresponding EDX characterization.
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Figure 2 XRD patterns of pure TiO, HNPs, Yb’”—doped TiO, HNPs with
varied Yb*" addition calcinated at 500 °C. (a) Pure TiO»; (b) 0.1 mol% Yb;
(c) 0.5 mol% Yb; (d) 1 mol% YDb; (e) 5 mol% Yb.

out to study the Brunauer-Emmett-Teller (BET) surface
area (Figure S3, Supporing Information online). The
isotherms of 0.5 mol% Yb**-doped TiO, HNPs can be
ascribed to Type IV with H1-shaped hysteresis loops, which
implies the presence of uniform hollow nanostructure. It
was found that the BET surface area of 0.5 mol% Yb™'-
doped TiO, HNPs was 76 m%/g, 73% higher than nano-
particles without hollow structure (20 mz/g) (denoted TiO,-
noP123) (Figure S4, Supporing Information online).
Amphiphilic ABA tri-block copolymers, an important
type of surfactant, have been used as a new species of
additive in the synthesis of inorganic nanostuctures [30]. In
our work, the small-sized TiO, HNPs were fabricated with
TiCl, as the Ti resource; the non-ionic surfactant P123
(EO»PO74EO,q) was also added in the synthesis. Utilizing
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micelle of block polymers with metal precursor is a popular
approach for the fabrication of nanostructured materials,
especially in the synthesis of mesoporous nanostructure [31].
Many theories have attempted to describe the interaction
between the inorganic salts and the surfactant polymer in
the fabrication of mesoporous materials. In the mechanism
of liquid-crystal templating presented by Beck et al. [32],
electrostatics cause inorganic species interact with surfactant
micelle. According to the charge matching at the organic-
inorganic interface, a cooperative organization mechanism
was proposed by Stucky et al. [33]. Hydrogen bonding,
ligand-assisted templating, complex formation or coordinated
bonding in the hydrolysis, and condensation have also been
proposed based on experimental results [33,34]. The
mechanism of the formation of titanium nanoparticles with
hollow structure can be explained based on a series of
theory models and experimental data. Here, we propose that
the amphiphilic surfactant P123 can be used as the
structure-directing agent to control the shape and size of
particles during synthesis. The mechanism of the formation
of TiO, HNPs presented in Scheme 1 can be divided into
three steps: (1) micellization of the P123 and hydrolysis of
the Ti precursor; (2) adsorption of Ti** to the hydrophilic
poly(ethylene oxide) (PEO) segments of spherical P123
surfactant micelles to accomplish the condensation; (3)
removal of the P123 template.

In the first step, the micellization process of P123 occurs
in the presence of solvent at room temperature. In our study,
according to the Lewis acid-base theory, the Ti precursor
TiCly acted as a strong Lewis acid to produce chloroal-
koxide and HCI [35]. The CI” produced by hydrolyzation
was expected to decrease the critical micellization tempe-
rature (CMT) and thus facilitate the micellization, due to
Hofmeister anion effects [36-38] on surfactant self-assembly
that could inhibit the formation of second-order or higher-
order aggregates. In the second process, it has been well
documented that multivalent metal species (including
titanium species) prefer associating with hydrophilic PEO
blocks instead of hydrophobic poly (propylene oxide) (PPO)

\ PEO Hydrophobic
Ti%
PPO — -
® Yb*
\_PEO
Hydrophilic
P123 Micelle
Condensationl
°
O °
Calcination

Scheme 1 Schematic illustration of the formation of Yb**-TiO, HNPs.
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blocks, due to different binding affinities [39-41]. In fact,
the surface energy of most polymers are very low; as a
result, the adhesion of metals on polymers is difficult. The
problem can be solved by forming specific interactions such
as hydrogen bonding, chelation, or covalent bonding [30].
With the formation of crown-ether-type complexes by weak
coordination bonds, the inorganic metal ions can be bound
to the alkylene oxide segments (PEO) [42]. As stated in
other people’s study, alkylene oxide segments can form
crown-ether-like complexes with cations such as metal ions
[43]. In the latter process, the removal of P123 template is
accomplished by the heat treatment; as a result, the hollow
structured titania nanoparticles are obtained.

The UV-Vis-NIR absorption spectra of pure TiO, HNPs
and 0.5 mol% Yb>*-TiO, HNPs calcinated at 500 °C are
shown in Figure 3. Two strong absorption bands can be
seen in the UV-Vis-NIR absorption spectrum of Yb**-doped
TiO, HNPs. The absorption band observed at about 390 nm
corresponds to the TiO, semiconductor band gap. The other
peak, in the range of 850—1050 nm, results from the 4f
electron transitions of Yb* [44], while pure TiO, sample
has no absorption in the NIR region. Orange II, a kind of
azo dye, was chosen as a target of photodegradation to test
the photocatalytic activity. The photodegradation of Orange
IT solution, triggered by pure TiO, HNPs and Yb**-doped
TiO, HNPs under irradiation of a 500 W xenon lamp after
absorption-desorption equilibrium in a dark room, was then
monitored by a UV-Vis spectrometer. The time-dependent
absorption spectra of the Orange II reaction solution in the
presence of 0.5 mol% Yb**-doped TiO, HNPs and pure
TiO, HNPs calcinated at 500 °C are shown in Figure 4(a)
and Figure S5 (Supporting Information online), respectively.
Both spectra demonstrate that the characteristic absorption
strength of Orange II located at 484 nm steadily decreased
with the increasing irradiation time for Orange II solution.
They also clearly demonstrate that after irradiation of 160
min, 86% of Orange II was decomposed on the Yb**-doped
TiO, HNPs, whereas 40% of dye was degraded on the pure
TiO, HNPs. The plot of C(#)/C(0) against the reaction time
in the presence of 0.5 mol% Yb**-doped TiO, HNPs and
pure TiO, HNPs calcinated at 500 °C are shown in Figure
4(b), where C(¢) is the concentration of Orange II at the
irradiation time ¢ and C(0) is the original concentration. The
pure TiO, HNPs do not show much activity compared to the
blank experiment without photocatalysts. However, the
as-prepared Yb**-doped TiO, HNPs show obviously enhan-
ced photocatalytic activity and is more than two times
higher than the pure TiO, HNPs. By introducing rare earth
into TiO, HNPs, the Ti atoms could replace rare earth ions
Yb®* and form tetrahedral Ti sites [45]. The Ti** ion
replaces a rare-earth ion with a trivalent oxidation state that
leads to a charge imbalance; therefore, more hydroxide ions
are adsorbed on the surface [17,18]. The hydroxide ions
react with the holes generated by irradiation to form
hydroxyl radicals and thereby oxidize the adsorbed molecules,
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Figure 3 UV-Vis-NIR absorption of pure TiO, HNPs and 0.5 mol%
Yb**-doped TiO, HNPs calcinated at 500 °C. The inset displays a corre-
sponding, partially enlarged view from 850 to 1050 nm.
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Figure 4 (a) Time-dependent absorption spectra of the Orange II reaction
solution in the presence of 0.5 mol% Yb**-doped TiO, HNPs calcinated at
500 °C; (b) plot of C(#)/C(0) against the reaction time in the presence of 0.5
mol% Yb“—doped TiO, HNPs and pure TiO, HNPs calcinated at 500 °C.

which means that the recombination of electron and holes
can be inhibited. The recombination of the electrons and
holes in semiconductor thus become more difficult. These
results demonstrate that the Yb* doping can enhance the
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photocatalytic activity of TiO, HNPs and improve the
utilization efficiency of solar energy.

These Yb**-doped TiO, HNPs were then utilized as pho-
toanodes for dye-sensitized solar cells (DSSCs) application.
A DSSC device is essentially a photoelectrochemical sys-
tem (Figure 5(a)) consisting of two electrodes: N719 dye
molecules are adsorbed onto the surface of Yb**-doped
TiO, HNPs samples and a redox-coupled electrolyte con-
taining iodide and triiodide ions (I'/I;7). One of the elec-
trodes is the so-called working electrode or photoanode, in
which transparent FTO glass is covered with Yb**-doped
TiO, HNPs; the other electrode is a counter-electrode of
FTO coated with Pt nanoparticles. The photocurrent density-
voltage (J-V) characteristics of all the devices measured
under a one-sun condition that correspond to the spectral
distribution of standard air mass 1.5 global (AM 1.5 G) and
an intensity /=100 mW/cm? are given in Figure 5(b). Their
detailed solar cell parameters as derived from the J-V curves
are summarized for comparison in Table 1. It can be seen
that DSSC with 0.5 mol% Yb**-doped TiO, HNPs achieved
a maximum Jsc (short-circuit photocurrent density) of 7.63
mA/cm’ and a Voc (open-circuit voltage) of 741 mV. The
solar energy-to-electricity conversion efficiency (7) listed in
Table 1 was evaluated using the following equation [46]:
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n=(FF-Jsc'Voc)/Pin (D

where Py, is the incident light power per unit area and FF is
the fill factor. As shown in Table 1, at first 77 shows a rising
trend from 2.77% to 3.66% with the doping ratio increasing
to 0.5 mol%, while 77 decreases to 1.87% as the doping ratio
continues to increase.

In order to further understand the effects of ytterbium
doping on the performance of the TiO, HNPs-based DSSCs,
we measured electrochemical impedance spectroscopy (EIS)
(Figure 5(c)). In the open-circuit condition, there is no current
in the external circuit, so electrons injected into the photo-
electrode film must be recombined by I;~ ions. Therefore,
the photoexcited electrons’ lifetime (7) in photoanodes can

Table 1 Photoelectrochemical parameters of DSSCs employing pure
TiO, HNPs and Yb“—doped TiO, HNPs with varied Yb** addition calci-
nated at 500 °C as photoanodes

Yb ratio Jsc Voc
(mol%) (mA/cm?) (mV) FF 17 (%)
0 6.72 717 0.573 2.77
0.1 7.50 737 0.637 3.52
0.5 7.63 741 0.647 3.66
1 6.35 767 0.638 3.11
5 3.80 769 0.639 1.87

Photoanode counter electrode

Pt
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Figure 5 (a) Sketch map of structure of the DSSC device with schematic energy-level diagram; (b) photocurrent density-voltage curves of DSSCs based on
pure TiO, HNPs and Yb**-doped TiO, HNPs of different doping ratios calcinated at 500 °C; (c) electrochemical impedance spectroscopy (EIS) curves of
DSSCs based on pure TiO, HNPs and 0.5 mol% Yb**-doped TiO, HNPs calcinated at 500 °C as photoanodes. The inset of (c) displays Bode-phase plots of

the two corresponding films.
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be estimated by the peak frequency (f.x) of the Bode phase
plot at middle frequencies [47], according to the following
equation:

7=1/(270f max) 2

Bode phase plots of DSSCs with photoelectrode films of
pure TiO, HNPs and 0.5 mol% Yb**-doped TiO, HNPs as
photoanodes are shown in the inset of Figure 5(c). The fiax
value in the case of doping Yb** exhibited a decrease as
compared to pure hollow TiO,. Thus, according to the
above analyses, the electron lifetime 7 in the photoanode
containing 0.5 mol% Yb’* (9.0 ms) is longer than pure hol-
low TiO, electrode (6.1 ms). This result proves that Yb*-
doped hollow TiO, facilitates the electron transport, which
results from the reduced recombination of injected electrons
and decreased diffusive hindrance.

4 Conclusions

We developed a simple and facile route for the preparation
of Yb**-doped TiO, single-crystalline hollow nanoparticles
based on a general-coordination chemical synthetic strategy
via sol-gel method. The obtained Yb**-doped TiO, hollow
nanocrystals show a major crystallite size of about 20 nm.
The amphiphilic surfactant P123 as the structure-directing
agent played a key role in controlling the formation of hol-
low structure; therefore, we propose a hollow nanostructure
growth mechanism. We also demonstrated that by intro-
ducing rare-earth ion Yb™ into the synthesis process the
obtained products, as photocatalysts, can successfully en-
hance the photodecomposition efficiency of Orange II azo
dye. The obtained Yb**-doped TiO, HNPs were also ex-
ploited as photoanodes in DSSCs, and the improvement in
photoelectric conversion efficiency was proven by measur-
ing the solar cell parameters of DSSCs under simulative
sunlight. The optimal doping ratio we have found results in
relatively high photocatalytic and photoelectric conversion
efficiencies. These results have great significance in the
utilization of solar energy. Therefore, rare-earth doped-
titanium hollow-structure nanomaterials have amazing po-
tential in light-harvesting applications such as photocataly-
sis and dye-sensitized solar cells.
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