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llow Nd/TiO2 sub-microspheres
with enhanced visible-light photocatalytic activity

Jinlong Li, * Shuaiqiang Jia, Guozhe Sui, Lijuan Du and Boxin Li

Hollow Nd-doped TiO2 sub-microspheres are synthesised via a controlled hydrolysis reaction, where

carbon spheres are employed as the template. The building blocks of TiO2 doped with Nd are deposited

on the surface of carbon spheres and subsequently, the carbon spheres are removed by calcination in

air. The structure and morphology of the hollow Nd/TiO2 sub-microsphere composites are characterised

by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning electron

microscopy (SEM), transmission electron microscopy (TEM), low temperature N2 adsorption (Brunauer–

Emmett–Teller analysis), simultaneous thermal analysis (TG-DTA), diffuse reflectance UV-vis

spectroscopy (DRS) and X-ray photoelectron spectroscopy (XPS). The SEM and TEM micrographs reveal

that the as-prepared hollow Nd/TiO2 sub-microsphere composite has an average diameter of 100 nm

and a special uniform morphology, where the hollow sub-microspheres are constructed by TiO2 nano-

chains, which resemble cage-like structures. The Nd-doped Nd/TiO2 composites exhibit high visible light

absorption capacity, high adsorption ability and high photocatalytic activity towards Rhodamine B (RhB).

Further, the effect of neodymium content on the physical structure and photocatalytic properties of

hollow Nd/TiO2 sub-microspheres is investigated. Finally, it is concluded that the higher photocatalytic

performance of as-prepared hollow Nd/TiO2 sub-microspheres stems from their hollow structure

comprised of Nd/TiO2 nanostructures and a high light-harvesting efficiency.
1. Introduction

Environmental pollution is one of the most serious problems
facing humanity today. The potential of air pollution to cause
illness and even death has led to increased public concern.
Recently, semiconducting photocatalytic materials such as ZnO,
SnO2, ZrO2 and TiO2 have been applied widely for the degra-
dation of toxic organic and inorganic pollutants in waste-
water.1–10 Among these semiconductor photocatalysts, TiO2 has
been proven as the most suitable material, with potential for
wide-spread application in tackling environmental challenges.
As a promising semiconductor photocatalyst, TiO2 has attracted
worldwide interest owing to its long-term biological and
chemical stabilities, compatibility with other materials, strong
oxidising power and environmentally friendly nature.11–13

Despite these positive characteristics, however, several
problems associated with TiO2 limit the practicality of its
application, namely a large band gap (3.2 eV), limited adsorp-
tion of solar light and low photocatalytic activity arising from
the fast recombination of charge carriers.14 In general, less than
5% of solar irradiation can be captured by the Earth's surface,
which imposes a limit on the optical absorption in the UV
region of the solar spectrum.15 Furthermore, the fast
ring, Qiqihar University, Qiqihar 161006,
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hemistry 2017
recombination rate of the generated charge carriers, in combi-
nation with the slow transfer rate of electrons to oxygen, limit
the efficiency of TiO2 as a photocatalyst.16 It is well established
that photocatalytic activity can be enhanced by adjusting the
band structure of the corresponding material to improve its
visible-light response and charge separation. For this reason,
the design and development of a photocatalyst that could be
activated under irradiation with visible light is essential.

In order to achieve improved photocatalytic performance,
various TiO2 photocatalysts with different structures and
morphologies, including nanowires,17,18 nanorods,19 nano-
tubes,20,21 microspheres,22 porous structures,23 and hollow
microspheres,24–27 have been synthesised to date. Among these,
hollow TiO2 microspheres have attracted more notable atten-
tion than other nanoparticles owing to their higher specic
surface area, higher photocatalytic activity, higher light collec-
tion efficiency and special structure. Therefore, the develop-
ment of materials and technologies for the fabrication of hollow
TiO2 microspheres, which is aimed at enhancing absorption in
the visible spectral range,28,29 has become one of the new
important challenges in the eld of photocatalysis. Similarly,
doping of titania with rare earth metal or lanthanide metal
ions30–32 has also attracted considerable attention. In particular,
doping with lanthanide ions with 4f electron congurations has
the potential to signicantly enhance the photocatalytic activity
of TiO2. Margan et al. have shown33 that Cd-doped anatase TiO2
RSC Adv., 2017, 7, 34857–34865 | 34857
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with a higher photocatalytic activity than that of P25 TiO2 can be
prepared via sol–gel method. Zhang et al. reported34 that earth
metal ions (Zr/Co) modied signicantly the band structure of
TiO2, thus resulting in improved photocatalytic behaviour. This
method not only extended the photo-response to the visible
region, it also improved the separation efficiency of photo-
induced electron–hole pairs of TiO2.35 In particular, doping
with Nd ions has proven to be an efficient method for
enhancing the photoactivity of TiO2 towards selected reactions.

In this paper, hollow Nd/TiO2 sub-microspheres with a high
photocatalytic activity are prepared using a very simple and
straightforward synthetic method. In this method, carbon
spheres were prepared as a template and subsequently, hollow
Nd/TiO2 sub-microspheres were fabricated by controlled
hydrolysis and calcination. The photocatalytic activity of the as-
prepared photocatalyst towards the degradation of Rhodamine
B (RhB) in aqueous solution was comprehensively studied.

2. Experimental
2.1 Materials and chemicals

Glucose (C6H12O6) was used to synthesise carbon spheres.
Titanium trichloride (TiCl3) was used as the titanium precursor
in the synthesis of nanocrystalline TiO2. Neodymium nitrate
(Nd(NO3)3$6H2O) was used as the metal precursor for doping
TiO2. These chemicals, together with hydrogen chloride solu-
tion (HCl, 36.5 wt%), ethanol (CH3CH2OH), sodium bicar-
bonate (NaHCO3), tert-butyl alcohol (C4H10O), methanol
(CH3OH), r-benzoquinone (C6H4O2) and Rhodamine B (RhB,
C28H31N2O3Cl) were analytical grade purchased from Sigma-
Aldrich Co. Commercially available TiO2 powder, Aeroxide®
P25 TiO2 (Evonik Degussa GmbH), which is well known to
possess very high photocatalytic activity, was selected as the
reference material for comparative studies. RhB was selected as
the model dye for photocatalytic degradation experiments. All
reagents were of analytical grade and were used as obtained
without further purication. Distilled water was used in all
experiments requiring water.

2.2 Synthesis of carbon sphere template

Glucose (60 mL, 0.5 mol L�1) solution was sealed in a 100 mL
stainless-steel autoclave and was maintained at 180 �C for 8 h.
Subsequently, the solution was cooled to room temperature.
The resulting black solid was collected and washed sequentially
with deionised water, ethanol and acetone ve times. Finally,
the carbon spheres were obtained as a brown solid aer drying
at 80 �C for 8 h.

2.3 Synthesis of hollow Nd/TiO2 sub-microspheres

A sample of as-prepared carbon spheres (0.2 g) was added to
ethanol (120 mL) and the solution was ultrasonicated for
30 min, affording a mixture referred to as solution A. Mean-
while, a specied weight of Nd(NO3)3$6H2O was dispersed in
ethanol (10 mL), yielding solution labelled as B. Solution B was
added drop-wise to solution A and the resulting mixture was
stirred continuously for 30 min, followed by the addition of an
34858 | RSC Adv., 2017, 7, 34857–34865
aqueous solution of TiCl3 (15 wt%, 2.0 mL) and HCl (6 mol L�1,
2.0 mL). Subsequently, the mixed solution was heated to 98 �C
and maintained at this temperature for 1 h. The Nd/TiO2 sub-
microsphere precursor was obtained aer washing with
distilled water and drying under vacuum at 105 �C for 10 h.
Finally, hollow Nd/TiO2 sub-microspheres were obtained aer
calcination in air at 550 �C for 2 h.
2.4 Characterisation

X-ray power diffraction (XRD) measurements were performed
on a Bruker D8 instrument, allowing the determination of the
phase composition and structure of samples with Cu Ka radi-
ation under 40 kV and 30 mA operating conditions in the range
2q ¼ 20–80�, with a speed of 4.00� min�1. The specic surface
areas of the photocatalysts (at a relative pressure ranging from
0.05–0.35) were determined using the Brunauer–Emmett–Teller
(BET) approach using N2 adsorption–desorption apparatus
Nova 2000e (Quantachrome GmbH & Co.). Fourier-transform
infrared (FT-IR) spectra were measured with an FT-IR spectro-
photometer Nexus 670 (Nicolet Co.). Scanning electron
microscopy (SEM) images were acquired with a Hitachi S-3400,
operated at 100 kV. Transmission electron microscopy (TEM)
images were obtained with a Hitachi (Japan) working at 200 kV.
Thermogravimetric differential scanning calorimetry (TG-DSC)
analysis was performed using a TG instrument 6200 (PE Co.)
at a heating rate of 10 �C min�1 (30–1000 �C) under air atmo-
sphere. Diffuse reectance UV-vis spectroscopy analysis of dry-
pressed disk samples was performed using a UV-visible spec-
trophotometer Du800 (Beckman Co.). BaSO4 was used as
a reectance standard in the UV-vis diffuse reectance experi-
ments. X-ray photoelectron spectroscopy (XPS) images were
obtained on an Axis Ultra DLD (Kratos Co.). The take-off angle
of the photoelectron was kept at 45�. The binding energy was
referenced by setting the C 1s hydrocarbon peak to 285.0 eV.
2.5 Evaluation of photocatalytic activity

The photocatalytic activities of hollow Nd/TiO2 sub-
microspheres towards the degradation of RhB in aqueous
solutions were evaluated under visible light irradiation. A 500W
xenon lamp was used as the light source and the visible wave-
length was controlled through a 420 nm glass cut lter, which
was hanged in a dark box and kept on the top of photoreactor.
The experiments were carried out with 50 mg of hollow Nd/TiO2

sub-microspheres and 50 mL solution of RhB (5 mg L�1) in
a tube reactor. In each case, the suspension was magnetically
stirred in the dark for 30 min, which allowed it to reach
adsorption equilibrium prior to illumination. Subsequently,
visible lamp was directed towards the suspension. Samples
were withdrawn from the reactor at regular time intervals and
centrifuged using a high-speed centrifuge (RG-TGL-16C, Rui-
jiang Co.) to remove the photocatalyst. The absorbance of the
obtained ltrate was measured using a UV-vis spectrophotom-
eter SP 1900 (Shanghai Spectrum Instruments Co.), with the
absorbance at 552.0 nm used as the representative peak for RhB
concentration.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 N2 adsorption–desorption isotherms of hollow Nd/TiO2 sub-
microspheres (a) and P25 TiO2 (b).
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2.6 Recycling test

Aer each photocatalytic experiment, recycling experiments
were carried out via centrifuging and washing the composite
with ethanol for 1 h under magnetic stirring. The recycled
composite was used as catalysts to degrade RhB (5 mg L�1),
respectively. Reusability of the hollow Nd/TiO2 sub-
microspheres composite was investigated by repeating the
experiment ve times.

3. Results and discussion
3.1 Characterisation of hollow Nd/TiO2 sub-microspheres

Fig. 1 shows the anatase-to-rutile phase transition behaviour
observed in the X-ray diffraction patterns of Nd/TiO2 sub-
microspheres as a function of calcination temperature. In all
XRD patterns of hollow Nd/TiO2 sub-microspheres, the anatase
phase has been established using a reference pattern (JCPDS
card no. 21-1272) with characteristic peaks at 2q ¼ 25.5�, 38.1�,
48.6�, 54.2� and 63.1�. However, the XRD patterns of hollow Nd/
TiO2 sub-microspheres prepared at a calcination temperature <
400 �C exhibited lower crystallinity. The rutile phase appeared
in the spectra of hollow Nd/TiO2 sub-microspheres calcined at
600 �C, with peaks characteristic peaks observed at 2q ¼ 27.5�,
36.1�, 41.3�, 54.4� and 56.6�. Furthermore, the content of the
rutile phase increased with increasing calcination temperature.
It is well known that the transition from anatase to rutile phase
in TiO2 occurs typically at a temperature of less than 600 �C. The
hollow Nd/TiO2 sub-microspheres calcined at 500 �C displayed
relatively high crystallinity. Therefore, the optimum calcination
temperature was determined to be 500 �C since no peaks
associated with the rutile phase were found in the spectra of
samples prepared at this temperature.36

The N2 adsorption–desorption isotherms of hollow Nd/TiO2

sub-microspheres and P25 TiO2 samples are portrayed in Fig. 2.
According to IUPAC, all prepared samples exhibited type IV
isotherms with H2 hysteresis loops, which suggests the presence
of mesopores that can provide higher photocatalytic activity
towards RhB.37 Experimentally, the BET surface area of hollowNd/
TiO2 sub-microspheres was estimated to be 76.1 m2 g�1, and is
Fig. 1 XRD patterns of hollow Nd/TiO2 sub-microspheres at different
calcination temperatures.

This journal is © The Royal Society of Chemistry 2017
thus larger than that of P25 TiO2 (46.4 m2 g�1). A large specic
surface area is known to be critical to enhancing the activity of
photocatalysts. For this reason, the increase in the specic surface
area of the prepared sub-microspheres conrmed the positive
inuence of doping titania and the hollow structures of the
photocatalyst with Nd. Most likely, the presence of Nd atoms
leads to improved control over nucleation and growth of crystal-
lites, as well as the formation of well-ordered structures.38

The FT-IR analysis of hollow Nd/TiO2 sub-microspheres was
performed in the 400–4000 cm�1 range in order to ascertain the
nature of the surface functional groups. The FT-IR spectra ob-
tained for samples with and without the calcination step are
shown in Fig. 3. The FT-IR spectra of all samples displayed
a broad absorbance peak at around 3430 cm�1, originating from
the stretching vibrations of water or hydroxyl radicals. The
spectrum of un-calcined hollow Nd/TiO2 sub-microspheres
(Fig. 3a) revealed the presence of two bands at 1691 cm�1 and
1592 cm�1, which can be assigned to the stretching modes of
C]C and C]O double bonds, respectively. The peak at 2927
cm�1 was assigned to the stretching vibrations associated with
C–H bonds, and the peaks in the 1200–1300 cm�1 range were
attributed to the C–OH stretching and O–H bending vibrations.
The FT-IR spectra of hollow Nd/TiO2 sub-microspheres aer
calcination are shown in Fig. 3b. The peak at 1630 cm�1 was
assigned to the O–H stretching vibration of chemisorbed water.
RSC Adv., 2017, 7, 34857–34865 | 34859
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Fig. 3 FT-IR spectra of hollow Nd/TiO2 sub-microspheres without
calcinations (a) and with calcinations (b) at 500 �C.
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The intensity of the absorption band in the region of 900–400
cm�1 could be assigned to the various stretching modes asso-
ciated with metal oxides.39 In this case, the band could be
attributed to Ti–O and Nd–O bands in the Nd-doped TiO2

samples. However, no peaks specic to Nd–O bands were
evident, most likely as a result of the fact that the Nd content
was below the limit of detection.

Fig. 4 shows the SEM and TEM images of carbon sphere
templates and un-calcined Nd/TiO2 sub-microsphere precur-
sors. It is evident from the analysis of these images that the
carbon templates were comprised of uniform sub-microspheres
with approximately 200 nm in diameter (Fig. 4a and c). Fig. 4b
and d show that all Nd/TiO2 precursors synthesised through the
hydrolysis process exhibited particles with very uniform
morphology, with diameters ranging from 200 nm to 300 nm
(referred to as sub-microspheres). Further, these gures show
that the Nd/TiO2 nanoparticles were dispersed uniformly on the
surface of carbon sphere templates.
Fig. 4 SEM and TEM of carbon sphere templates (a, c) and Nd/TiO2

submicrospheres without calcination (b, d).

34860 | RSC Adv., 2017, 7, 34857–34865
The apparent adhesion between the precursors was attrib-
uted to the adsorption of amorphous TiO2 generated by
hydrolysis of Ti3+ on the surface of carbon spheres. The stable
structures of the Nd/TiO2 precursors facilitated in turn the
formation of hollow sub-microspheres. Therefore, this analysis
revealed that the utilisation of carbon microspheres as
templates has allowed the formation of spherical shells with
a relatively dense arrangement of thin Nd/TiO2 nanolayers.

Fig. 5 shows the TEM images of hollow Nd/TiO2 sub-
microspheres obtained as a function of the concentration of the
TiCl3 solution employed in their synthesis. It can be seen that the
concentration of TiCl3 solution had a great impact on the
morphology of Nd/TiO2 composites. When the concentration of
TiCl3 solution was 0.015 M, the hollow spherical structures in the
Nd/TiO2 composites were not formed completely. As the
concentration of the TiCl3 solution increased to 0.021 M, a small
amount of hollow microspheres was found to coexist with irreg-
ular structures. Formation of stable hollow spherical shell struc-
tures was observed in the material prepared using 0.042 M TiCl3
solution. The diameters of these Nd/TiO2 sub-microspheres aer
calcination were in the range of 100–120 nm, and were therefore
smaller than those of the Nd/TiO2 precursors coated on carbon
microspheres. The decrease in particle size observed for the
hollow structures was attributed to the removal of carbon
microspheres as a result of calcination, and further increase in
the density of loose TiO2 precursor layers. The detailed images
displayed in Fig. 5c clearly show that the surface of hollow Nd/
TiO2 sub-microspheres was very rough, with a large number of
TiO2 nanochains twisted together into a 3D assembly with
a walnut-like structure. The successful formation of hollow Nd/
TiO2 sub-microspheres was determined by the presence of dark
edges and bright centres in their TEM images. When the
concentration of TiCl3 solution was increased above 0.042 M,
formation of a large quantity of Nd/TiO2 nanoparticles, aggre-
gated around carbon spheres, was observed instead.
Fig. 5 TEM images of hollow Nd/TiO2 sub-microspheres with
different TiCl3 concentration of 0.015 M (a), 0.021 M (b), 0.042 M (c),
and 0.085 M (d).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Schematic illustration of the formation mechanism of hollow Nd/TiO2 sub-microspheres.
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Based on the above experimental results, a plausible mech-
anism for the formation of hollow Nd/TiO2 sub-microspheres is
proposed in Fig. 6. The carbon spheres are believed to have
played a crucial role in controlling the morphology of the
photocatalyst. TiO2 nanoparticles were adsorbed on the surface
of carbon spheres, partially aggregating with each. Simulta-
neously, a small amount of Nd ions was doped into the TiO2

nanoparticles. Subsequently, the inner core of Nd/TiO2 was
removed by calcination, allowing hollow sub-microspheres to
form gradually as the calcination progressed.

In order to nd the most suitable calcination temperature
for obtaining hollow Nd/TiO2 sub-microspheres, TG-DSC anal-
ysis of the as-prepared Nd/TiO2 precursors was conducted
under nitrogen atmosphere. TG-DSC plots recorded under
nitrogen at a heating rate of 2 �Cmin�1 are shown in Fig. 7. The
TG curve revealed two main weight loss stages. The rst weight
loss of about 10% occurred between 50 �C and 250 �C, and was
attributed to the evaporation of adsorbed water from the as-
prepared Nd/TiO2 precursors.40 The second weight loss of
about 50% occurred between 350 �C and 600 �C, and might be
associated with the combustion of carbon spheres in air,
Fig. 7 TG-DSC curves of the hollow Nd/TiO2 sub-microspheres.

This journal is © The Royal Society of Chemistry 2017
resulting in the formation of hollow Nd/TiO2 sub-microspheres.
In addition, the appearance of two sharp exothermic peaks at
about 107 �C and 520 �C in the DSC curve was in good agree-
ment with the results of TGA analysis. These results showed that
carbon spheres can be removed to a sufficient degree at
a calcination temperature of 500 �C, allowing the formation of
hollow structures.

Fig. 8 shows the UV-vis diffuse absorbance spectra of hollow
Nd/TiO2 sub-microspheres prepared with different contents of
Nd. The results indicated that the introduction of Nd dopant
gives rise to an obvious red shi in the absorption band edge
associated with the hollow Nd/TiO2 sub-microspheres. In
addition, we observed that the red shi and visible absorbance
of different samples changed as the content of Nd dopant
increased. The noticeable red shi of the absorption edge to the
visible light region could be ascribed to the following fact: the
introduction of Nd atoms altered the energy levels of the TiO2

band gap, and this new energy level induced the red-shi
through a charge transfer mechanism between the impurity
Fig. 8 DRS spectra of hollow sub-microspheres for TiO2 (a), Nd/TiO2

with 0.1 wt% Nd (b), Nd/TiO2 with 0.2 wt% Nd (c), and Nd/TiO2 with 0.3
wt% Nd (d).

RSC Adv., 2017, 7, 34857–34865 | 34861
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and conduction bands of TiO2.41,42 This result can be also
conrmed by the XPS spectra of hollow Nd/TiO2 sub-
microspheres. The peak positions of Ti 2p3/2 and Ti 2p1/2 shif-
ted from 458.9 eV and 464.7 eV to 459.8 eV and 465.4 eV,
respectively, as shown in Fig. 9b. Consequently, the outer elec-
tron cloud of Ti ions decreased due to the strong electron
attraction of Nd atoms, and the energy gap was narrowed. When
the content of Nd in the form of Nd(NO3)3$6H2O was set at 0.2
wt%, the hollow Nd/TiO2 sub-microspheres exhibited the
strongest ultraviolet absorption ability, with a band gap of
3.02 eV. The formation of such a narrow energy gap was
attributed to the movement of the top valence band position
determined by the Nd 3d electron state to a shorter wavelength,
and the movement of the bottom conduction band position
determined by the Ti 2p state to a longer wavelength.43 There-
fore, this analysis showed that the addition of Nd may enhance
the visible light photocatalytic performance of hollow Nd/TiO2

sub-microspheres.
In the next step, the hollow Nd/TiO2 sub-microspheres were

analysed by XPS to examine the chemical states of different
atoms (Fig. 9). The peaks visible in Fig. 9a showed that hollow
Nd/TiO2 sub-microspheres contain Ti, O, C and Nd atoms.
However, the peak at 996.1 eV, ascribed to Nd 3d, was found to
be quite weak as a result of the low content of Nd.44

Two major emission peaks were observed in the XPS spectra
of Ti 2p at binding energies of 459.8 and 465.4 eV for Ti 2p3/2
Fig. 9 XPS spectra of the hollow Nd/TiO2 sub-microspheres: (a) survey s

34862 | RSC Adv., 2017, 7, 34857–34865
and Ti 2p1/2, respectively, as shown in Fig. 9b. Comparison with
standard XPS spectra revealed that these peaks arise form Ti4+

in the tetragonal structure of anatase TiO2. As a consequence, it
is possible to conclude that titanium within the hollow Nd/TiO2

sub-microspheres exists predominantly in the Ti4+ form. In
Fig. 9c, the strongest peak appeared at 531.1 eV and was
ascribed to the lattice oxygen in the O2� state, while the broad
peak at around 533 eV was most likely arising as a result of the
presence of water and hydroxide absorbed on the surface of
hollow Nd/TiO2 sub-microspheres. Fig. 9d showed that the
doped Nd existed as Nd3+ in the hollow Nd/TiO2 sub-
microspheres, acting as an electron trapping centre.45 Further-
more, two major peaks centred at 974.8 eV and 995.7 eV were
observed, which represent Nd 3d5/2 and Nd 3d3/2 orbitals,
respectively. Consequently, the doped Nd atoms abstract
strongly electrons from the neighbouring Ti4+ cations, and the
migration of these electrons from Ti ions results in a decrease in
the density of the outer electron cloud of Ti ions.46 Overall, this
migration of electrons leads to a corresponding increase in the
generation of the Ti3+ state. The existence of the Ti3+ state in
turn retards the recombination of h+ and e�, which has a posi-
tive effect on the photocatalytic activity of hollow Nd/TiO2 sub-
microspheres. It can be concluded, therefore, that the metallic
state of Nd produced a greater enhancement in the photo-
catalytic activity of TiO2 by creating a Schottky barrier at the
metal–semiconductor junction.47
pectrum, (b) Ti 2p spectrum, (c) O 1s spectrum, and (d) Nd 3d spectrum.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Photocatalytic activities of RhB in 0.2 wt% Nd/TiO2 hollow
sub-microspheres suspension under visible irradiation with (a) no
scavenger added, (b) 0.5 mM p-benzoquinone, (c) tert-butyl alcohol,
(d) methanol, and (e) NaHCO3. Scavenger concentration: 0.1 M.
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3.2 Photocatalytic activity

The photocatalytic activities of hollow TiO2 sub-microspheres,
hollow Nd/TiO2 sub-microspheres with different Nd contents
and P25 TiO2 were evaluated by the degradation of an aqueous
solution of RhB (50 mg L�1) under illumination with visible
light. As time progressed in these experiments, the RhB dye
decomposed and the colour of the RhB solution became
increasingly lighter. The photocatalytic degradation of RhB was
calculated from the initial absorbance value of RhB in the
solution (A0) and the absorbance value of RhB at interval t (At) in
terms of decolouration rate (h) of RhB as follow:

h ¼ [(A0 � At)/A0] � 100%

Fig. 10 shows the photocatalytic activities of different samples
determined under visible light illumination. The adsorption–
desorption equilibria for all catalysts were achieved within 30 min
of stirring in the absence of light. The adsorption percentages of
RhB for the synthesised photocatalysts were around 5%, with the
exception of 10% determined for P25 TiO2. The hollow Nd/TiO2

sub-microspheres with different Nd contents showed photo-
catalytic activities under visible light that were higher than those
of P25 TiO2 and hollow TiO2 sub-microspheres, with the decol-
ouration rates of samples with 0.1 wt%, 0.2 wt% and 0.3 wt% Nd
contents determined as 92.4%, 93.5 and 91.1%, respectively, aer
visible light irradiation for 90 min. Therefore, this analysis
revealed that the addition of Nd enhanced the visible light pho-
tocatalytic activity of the TiO2 catalyst, which was consistent with
the outcome of characterisation described above. In particular, the
hollow Nd/TiO2 sub-microspheres with 0.2 wt% of doped Nd
exhibited the strongest photocatalytic activity. It is important to
note that an appropriate content of Nd could result in increased
presence of hydroxyls, which can in turn trap more photo-
generated holes and improve the separation of electrons and
holes. When the concentration of Nd3+ becomes too high, the
space charge region becomes very narrow and Nd3+ may be served
as a mediator of interfacial charge transfer or as a recombination
Fig. 10 Photocatalytic activities of hollow TiO2 sub-microspheres (a),
P25 TiO2 (b), hollow Nd/TiO2 sub-microspheres with 0.3 wt% Nd (c),
0.1 wt% Nd (d), and 0.2 wt% Nd (e).

This journal is © The Royal Society of Chemistry 2017
center, so the recombination of the photogenerated electron–hole
pairs in semiconductor becomes easier. And in our case the
optimal content of Nd is 0.2 wt%, above which the photocatalytic
activity decreases. Under visible light irradiation, a large number
of photogenerated electrons in the valence band were transferred
into the conduction band. At the same time, the TiO2 molecules
produced the same amount of photogenerated holes in the
valence bands. And nally, all of these electrons and holes could
migrate around the surface of the hollow Nd/TiO2 sub-
microspheres.

To conrm the reactive species during the photocatalytic
reactions, sodium bicarbonate, tert-butyl alcohol, methanol, r-
benzoquinone were added to the RhB solutions containing the
hollow Nd/TiO2 sub-microspheres composite, for the explana-
tion of the role of the different species associated with degra-
dation. As shown in Fig. 11, the degradation of RhB was
obviously depressed by HCO3

�, while it was slightly depressed
by tert-butyl alcohol and methanol in the hollow Nd/TiO2 sub-
microspheres (0.2 wt% Nd) suspension. HCO3

� can be adsor-
bed on the surface of catalyst and reacted with h+ or cOH,
leading to lower activity.48 Because cOH scavengers tert-butyl
alcohol and methanol hardly adsorbed on the catalyst in
aqueous systems, they mainly scavenged the free cOH radical in
RhB solution. Simultaneously, with the addition of O2c

� scav-
enger p-benzoquinone, the degradation of RhB decreased to
a certain degree, suggesting that O2c

� was also the active species
for RhB degradation in the present system. These results indi-
cated that the surface adsorbed cOH was the main reactive
oxygen species in the photocatalytic reactions.
3.3 Reusability

To investigate the stability of the hollow Nd/TiO2 sub-
microspheres composite, cycling experiments were performed
by washing the composite with ethanol for several times. The
adsorption and photocatalytic performance of the hollow Nd/
TiO2 sub-microspheres composite for RhB (5 mg L�1) solution
by repeating the experiment ve times, and the results are
RSC Adv., 2017, 7, 34857–34865 | 34863
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Fig. 12 Recycling of the hollow Nd/TiO2 sub-microspheres photo-
catalyst in the removal of RhB dyes.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
25

 2
:5

2:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
shown in Fig. 12. Aer ve cycles, the removal efficiency
decreases to 85.1% for RhB. This fact implies that the obtained
hollow Nd/TiO2 sub-microspheres composite have good
stability and are less photo-corroded during the photocatalytic
oxidation, which can be applied as a new options for dye
wastewater treatment.

4. Conclusions

In summary, a hollow Nd/TiO2 sub-microspheres photocatalyst
was synthesised successfully using carbon spheres as templates
through the hydrothermal method. The effects of several critical
factors on the structure and photocatalytic properties of the
prepared materials were evaluated. X-ray diffraction analysis
showed that the hollow Nd/TiO2 sub-microspheres produced at
a calcination temperature of 500 �C consisted almost exclusively
of the anatase phase. The hollow Nd/TiO2 sub-microspheres
exhibited higher efficiency and stability with respect to the
decomposition of RhB than P25 TiO2 under visible light irra-
diation. The interstitial Nd atoms within the TiO2 lattice played
an important role in generating intermediate energy levels and
narrowing the band-gap, thereby enhancing the photocatalytic
activity of the materials. The spectroscopic/thermal analyses
revealed that the hollow Nd/TiO2 sub-microspheres had
a higher surface area and higher temperature requirement for
the anatase-to-rutile phase transformation.
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