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a b s t r a c t

TiO2 modified with Nd2O3 (Nd–TiO2) nanoparticles were prepared by a co-precipitation method and
utilized as the photocatalysts for the degradation of Rhodamine B (RhB). The influence of Nd2O3 on
the bulk and surface phase, surface area, particle size, and optical response of TiO2 was investigated
by X-ray diffraction (XRD), UV Raman spectroscopy, transmission electron microscopy (TEM), BET, and
UV–visible diffuse reflectance spectra. It is found that the crystalline phase and phase composition in the
bulk and surface region of Nd–TiO2 calcined at high temperatures can be tuned by changing the amount
of Nd2O3. Based on the results from XPS, EDX, XRD, and UV Raman spectra, it is assumed that Nd3+ ions
do not enter the TiO lattice, but highly disperse onto the Nd–TiO particle surface in the form of Nd O
o-precipitation method

urface crystal phase
V Raman spectroscopy
hotocatalysis

2 2 2 3

crystallites. These crystallites inhibit the agglomeration, growth in crystal size, and anatase-to-rutile
phase transformation of TiO2. In the photocatalytic degradation of RhB reaction, Nd–TiO2 nanoparticles
with higher surface area and wider optical response are more reactive in case of the same surface anatase
phase. When the mixed phases of anatase and rutile exist in the surface region of Nd–TiO2, the synergetic
effect over surface area and optical response is the important parameter which determines optimal

photocatalytic activity.

. Introduction

Titania (TiO2) is widely used as an effective photocatalyst for
he photodegradation of organic pollutants in water and air [1–3].
natase and rutile are TiO2 polymorphic forms which are relevant

n photocatalytic applications [4,5]. Anatase is usually considered
o be more active than rutile. The photocatalytic activity and role
f the rutile phase is still controversial. In general, the pure rutile
hase has limited photocatalytic activity [6]. Some work [7–9] has
emonstrated that rutile TiO2 with a small crystal size and large
urface area can possess high photocatalytic activity. Sclafani et al.
10] observed that the rutile phase is active or inactive according
o preparation conditions.

Recent studies [11–15] suggest that the photocatalytic and pho-
ovoltaic properties of TiO2 nanoparticles with mixed phases are

etter than pure anatase TiO2. The high photocatalytic activity of
he mixed phase TiO2 such as P-25 (20% rutile, 80% anatase) could be
ttributed to the synergetic effect of the anatase and rutile particles.
his effect was believed to involve photoexcited charge migration
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between the two phases that in turn enhances charge separation
[16–18].

The surface properties [19] of TiO2 intrinsically determine the
surface separation and transfer of charge carriers by generating
surface states, where electrons and holes are trapped and trans-
ferred for subsequent photocatalytic reaction. Our previous results
[20–22] showed that UV Raman spectroscopy is more surface sen-
sitive for TiO2 than XRD because TiO2 strongly absorbs UV light.
It was found that phtocatalytic activity of TiO2 for H2 production
from the photocatalytic reaction of water and methanol is depen-
dent on its surface phase [22]. The phase junction formed between
the surface anatase and rutile can greatly enhance photocatalytic
H2 evolution. We are interested in the following questions: can we
control the surface phase of TiO2 calcined at high temperature by a
simple method? Is the surface phase of TiO2 the main factor for its
activity in photocatalytic degradation of organic pollutants?

Doping is used as a modification method for altering phase
structure, electronic structure, and surface structure [23]. Dop-
ing with lanthanide allows one to tune the phase transformation,
absorption properties, and photocatalytic activity of TiO2 [24]. This

paper attempts to control the surface phase of TiO2 by neodymium
oxide (Nd2O3) via a co-precipitation method. The influence of
Nd2O3 on the surface and bulk crystalline phase, surface area, par-
ticle size, and optical response of TiO2 was studied by UV Raman
spectroscopy, XRD, TEM, XPS, SEM-EDX, and UV diffuse reflectance
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Fig. 1. The XRD patterns (a) and UV Raman spect

pectroscopy. Furthermore, we discuss how these results can be
sed to control the surface phase of TiO2 calcined at high temper-
tures.

The influence of surface phase, surface area, particle size, and
ptical response of Nd–TiO2 on the photocatalytic degradation of
hodamine B (RhB) was investigated. It was found that the syner-
istic effect between surface anatase and rutile phase of Nd–TiO2
lays an important role in determining optimal photocatalytic
egradation of RhB, compared to the surface area and optical
esponse parameters.

. Experimental procedures

.1. Materials

For all preparations, neodymiun nitrate (Nd(NO3)3·6H2O), titanium (IV) n-
utoxide, anhydrous ethanol, and ammonia solution were of analytical grade and
ere used without further purification.

.2. Characterization

UV Raman spectra were measured at room temperature with a Jobin-Yvon
64000 triple-stage spectrograph with spectral resolution of 2 cm−1. A 325 nm
e–Cd laser was used as an excitation source with an output power of 25 mW. X-ray
owder diffraction (XRD) patterns were obtained on a Rigaku MiniFlex diffractome-
er with Cu K� radiation source. Diffraction patterns were collected from 20◦ to 60◦

t a speed of 5◦ min−1. Transmission electron microscopy (TEM) was taken on a
EOL 2000EX for estimating particle size and morphology. The morphologies were
lso examined by scanning electron microscopy (SEM) taken with a Quanta 200
EG scanning electron microscope. Distribution of Ti and Nd concentration in the
d–TiO2 was analyzed by energy-dispersive X-ray spectroscopy (EDX, HAADF, FEI
ECNAI G2 F30). Ultraviolet–visible diffuse reflectance spectra were recorded on a
ASCO V-550 UV–Vis spectrophotometer. The Brunauer–Emmett–Teller (BET) sur-
ace areas of TiO2 and Nd–TiO2 samples were measured by nitrogen adsorption at
7 K using a Micromeritics ASAP 2000 adsorption analyzer.

The X-ray photoelectron spectroscopy (XPS) investigations were carried out on
spectrometer (VG ESCALAB MK-2) using Al Ka as the excitation source. The elec-

ron analyzer was operated at constant pass energy of 50 eV. The calibration of the
inding-energy scale and the corrections of the energy shift as a result of the steady-
tate charging effect were accomplished by assuming that the C1s line, resulting
rom ubiquitous carbon produced from the pumping-oil vapor, lies at 284.6 eV.

.3. Synthesis of TiO2 modified with Nd2O3

TiO2 modified with Nd2O3 (Nd–TiO2), containing different amounts of Nd2O3

0.5 wt% and 3 wt%), was prepared by a co-precipitation method. An amount of
eodymiun nitrate was dissolved in 20 ml anhydrous ethanol. This solution was
dded slowly to a mixture solution of 50 ml titanium (IV) n-butoxide (Ti(OBu)4) and
00 ml anhydrous ethanol. An ammonia solution was added to the above solution
hile stirring until the pH of the solution reached 9. The resulting white precipitate

as stirred for 24 h, it was then washed twice with deionized water and anhydrous

thanol and subsequently dried at 100 ◦C for 12 h to obtain amorphous Nd–TiO2.
To provide a comparison with the Nd–TiO2 sample, amorphous TiO2 was pre-

ared via the same procedure without adding dopant. Amorphous Nd–TiO2 and
iO2 were calcined in air at 500 ◦C and 800 ◦C for 3 h, respectively. The TiO2

amples with 0, 0.5, and 3 wt% Nd2O3 are denoted as TiO2-500 ◦C (TiO2-800 ◦C),
Raman shift (cm-1)

of the TiO2-500 ◦C and Nd–TiO2-500 ◦C samples.

0.5Nd–TiO2-500 ◦C (0.5Nd–TiO2-800 ◦C), and 3Nd–TiO2-500 ◦C (3Nd–TiO2-800 ◦C),
respectively.

2.4. Photocatalytic activity test

A set of photocatalytic degradation experiments were performed with the
following procedure: photodegradation RhB was carried out in 100 ml Pyrex reac-
tor filled with ion-exchanged water (60 ml) containing RhB (20 mg/l) and 0.05 g
Nd–TiO2 (or TiO2) sample. The suspension was stirred for 30 min in the dark to obtain
adsorption–desorption equilibrium of the dye before illumination. After irradiation
with a 250 W high voltage mercury lamp (� = 365 nm, Shanghai Yaming Lighting
Co.), a 3 ml aliquot was taken after every 10 min and immediately centrifuged. The
RhB concentration in the clear solution is analyzed by the optical characteristic
absorption (22PC spectrophotometer, Shanghai Lengguang Technology Co., Ltd.) at
the wavelength of 553 nm of RhB solution. The blank experiments without mercury
lamp and without catalysts of RhB solution under the same condition are also com-
pared in this study. The blank study shows that mere photolysis can be ignored for
RhB. We also examined the activity of photodegradation of pure Nd2O3 (Pure Nd2O3

was obtained by calcining Nd(NO3)3·6H2O at 500 ◦C for 3 h). It was found that Nd2O3

does not catalyze the degradation of RhB under our reaction conditions.

3. Results and discussion

3.1. The bulk and surface crystalline phase of Nd–TiO2-500 ◦C

It is generally observed that TiO2 nanoparticles tend to aggre-
gate with each other to form bigger nanoparticles after calcination
[25]. Thus, in the following discussion, the bulk and surface regions
of TiO2 and Nd–TiO2 samples calcined at different temperatures
actually refer to the inner bulk regions and outer surface regions of
agglomerated particles, respectively. For all our samples, the crys-
talline phase in the bulk and surface region were characterized by
XRD and UV Raman spectroscopy, respectively [20].

The diffraction peaks (25.5◦, 37.9◦, 48.2◦, 53.8◦, and 55.0◦)
[26] from the XRD results (Fig. 1a) indicate that bulk regions
of TiO2-500 ◦C and Nd–TiO2-500 ◦C are in the anatase phase. For
Nd–TiO2-500 ◦C, the characteristic peaks of anatase TiO2 decrease
in intensity and increase in band width with increasing amounts of
Nd2O3. The average crystallite sizes of TiO2-500 ◦C, 0.5Nd–TiO2-
500 ◦C, and 3Nd–TiO2-500 ◦C was calculated by using Scherrer’s
formula and determined to be about 20.2 nm, 16.3 nm, and 12.2 nm,
respectively (Table 1). Compared with TiO2, the doped TiO2 parti-
cles have smaller size. Thus, the above changes in the XRD peaks can
be attributed to a reduced grain size and a low extent of crystallinity
of Nd–TiO2-500 ◦C [27]. This suggests that doping Nd2O3 sup-
presses the growth of TiO2 nanoparticles and crystallization of TiO2.
Fig. 1b displays the UV Raman spectra of the TiO2-500 ◦C and
Nd–TiO2-500 ◦C samples. The characteristic bands of anatase phase
at 143, 195, 395, 515, and 638 cm−1 [28] are observed for all
samples. These results indicate that the surface phases of TiO2-
500 ◦C and Nd–TiO2-500 ◦C are in the anatase phase. Compared
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Table 1
Crystallite size, rutile content in the bulk and surface region, and specific surface area of TiO2 and Nd–TiO2 derived from XRD, UV Raman spectra, and N2-adsorption.

Sample Amount of Nd2O3 (wt%) Crystallite size, D (nm) Rutile content (%) BET surface area (m2/g)

Anatase (1 0 1) Rutile (1 1 0) Bulk Surface

TiO2-500 ◦C 0 20.2 — 0 0 52.3
TiO2-800 ◦C 0 — 200a 100 100 5.8
Nd–TiO2-500 ◦C 0.5 16.3 — 0 0 68.2
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3 12.2
Nd–TiO2-800 ◦C 0.5 —

3 29.9

a Particle size from TEM.

ith TiO2-500 ◦C, it is also observed that the characteristic bands
f the anatase phase become broader and decrease in intensity for
d–TiO2-500 ◦C. It was suggested that the broadening of Raman
eaks might be attributed to the three-dimensional confinement
f phonons in the smaller size nanoparticles [29]. Combined with
he results from the XRD patterns (Fig. 1a) and the UV Raman spec-
ra (Fig. 1b), both the bulk and surface regions of TiO2-500 ◦C and
d–TiO2-500 ◦C are in the anatase phase.

For both XRD and UV Raman spectroscopy, no peaks due to
d2O3 crystalline phase are observed for Nd–TiO2-500 ◦C. The

adius of neodynium ions (0.995 Å) is larger than that of titanium
on (0.68 Å), possibly making it difficult for Nd3+ ion to be substi-
uted into the lattice of TiO2. Moreover, doping Nd3+ does not cause
ny shift in diffraction angles shown in Fig. 1a, suggesting that Nd3+

oes not enter into the lattice structure of TiO2 to replace the Ti4+

on. The XRD result (figure is not shown) indicates that the crystal
d2O3 can be obtained by calcining the Nd(NO3)3·6H2O at 500 ◦C.
hese results indicate that Nd2O3 should be highly dispersed on
he surface of a single TiO2 grain or between the interfaces of TiO2
gglomerates as Nd2O3 crystallites for Nd–TiO2-500 ◦C [25]. The
eduction in crystallite size of Nd–TiO2-500 ◦C is proposed to be
ue to segregation of the neodymium cations at the grain bound-
ry, which inhibits the grain growth by restricting direct contact of
iO2 grains [30].

.2. The bulk and surface crystalline phase of Nd–TiO2-800 ◦C

XRD patterns and UV Raman spectra of TiO2-800 ◦C and
d–TiO2-800 ◦C samples are shown in Fig. 2a and b. We con-
lude that the bulk region of TiO2-800 ◦C and 0.5Nd–TiO2-800 ◦C
s in the rutile phase because only typical diffraction peaks due to

utile phase (27.6◦, 36.1◦, 41.2◦, and 54.3◦) [26] are observed. These
esults show that the phase transition from anatase to rutile in the
ulk of TiO2 is not effectively inhibited after 0.5 wt% Nd2O3doping.
he surface region of TiO2-800 ◦C is in the rutile phase because only
haracteristic bands (143, 235, 445, and 612 cm−1) due to rutile
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phase [28] are observed (Fig. 2b). The XRD (Fig. 2a) and UV Raman
spectra (Fig. 2b) indicate that both the bulk and surface phase of
TiO2-800 ◦C are in the rutile phase. In other words, anatase totally
transformed into the rutile phase when the calcination tempera-
ture is 800 ◦C.

However, for 0.5Nd–TiO2-800 ◦C, its surface region is a main
rutile phase with small amounts of anatase (11%) (Fig. 2b), while
its bulk region is in the rutile phase (Fig. 2a). Compared with
TiO2-800 ◦C, the 0.5Nd–TiO2-800 ◦C exhibits high anatase thermal
stability in the surface region. It was found that the phase transfor-
mation of TiO2 from anatase to rutile starts to occur at the interfaces
of the contacting anatase grains (<60 nm) in the agglomerated TiO2
particles [31]. The rutile phase nucleates in the inner region (bulk
region) of the agglomerated TiO2 particles and then develops to the
outer region (surface region) of the agglomerated TiO2 particles.

The formation of bulk rutile phase in 0.5Nd–TiO2-800 ◦C can-
not be effectively inhibited by 0.5 wt% Nd2O3 due to lower amount
of dopant. However, the inhibition of the movement of Ti atoms
or ionic oxygen mobility by the Nd2O3 additive may prohibit the
development of the rutile phase. Thus, once the phase transforma-
tion starts, diffusion of rutile phase through the Nd2O3 doped TiO2
may become difficult, i.e., the propagation of the rutile phase from
the bulk into the surface region of Nd–TiO2 is remarkably slowed
by Nd2O3. This is the reason why the bulk region of 0.5Nd–TiO2-
800 ◦C is in the rutile phase, while its surface region is a mixture of
anatase and rutile phases.

With increasing amounts of Nd2O3 up to 3 wt%, the typical peaks
of anatase phase were also observed in the bulk region of 3Nd–TiO2-
800 ◦C, in addition to the diffraction peaks assigned to the rutile
phase (Fig. 2a). It can be concluded that 3 wt% Nd2O3 can effectively
prohibit the anatase crystallite aggregations, further prohibiting

the phase transformation in the bulk region of 3Nd–TiO2-800 ◦C.
The phase transformation hindering might be attributed to the for-
mation of strong Nd–O–Ti bonds, which inhibit the movement of
Ti atoms required to initiate the phase transformation [32]. The
weight fraction of the rutile phase in the TiO2 sample, WR, can be
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ig. 3. XPS spectra of Ti 2p of TiO2-500 ◦C and 3Nd–TiO2-500 ◦C (a), Ti 2p of TiO2-8
f TiO2-500 ◦C, 3Nd–TiO2-500 ◦C and 3Nd–TiO2-800 ◦C (d).

stimated from the XRD peak intensities using following formula
33]:

R = 1
[1 + 0.884 (Aana/Arut)]

(1)

here Aana and Arut represents the X-ray integrated intensities of
natase (1 0 1) and rutile (1 1 0) diffraction peaks, respectively. The
esulting rutile content in the bulk region of 3Nd–TiO2-800 ◦C was
alculated to be 72%.

Based on the UV Raman spectra (Fig. 2b), the content of the
utile phase in the surface region of Nd–TiO2-800 ◦C is decreased
rom 89% to 52% when the amount of Nd2O3 is increased from 0.5
o 3 wt%. From the above results, it is easy to change the crystal
hase and phase composition in bulk and surface region of the
d–TiO2 samples by changing the amount of Nd2O3. Further work

s in progress to carefully control the surface and bulk crystalline
hase of TiO2 by Nd2O3 at high calcination temperatures.

.3. XPS analysis

The XPS spectra of Ti 2p, O 1s, and Nd 4d of TiO2 and 3Nd–TiO2
amples calcined at different temperatures are shown in Fig. 3. In
ig. 3a and b, two peaks located at 458.4 eV and 464.1 eV were

dentified as Ti (2p3/2) and Ti (2p1/2), respectively. These results
emonstrated that Ti elements existed mainly as 4+ valences in
iO2 and 3Nd–TiO2 calcined at 500 ◦C and 800 ◦C [34]. It is found
hat the presence of Nd2O3 exerts no significant influence on the
PS spectra in the Ti 2p level.
nd 3Nd–TiO2-800 ◦C (b), Nd 4d of 3Nd–TiO2-500 ◦C and 3Nd–TiO2-800 ◦C (c), O 1s

The XPS of Nd 4d (Fig. 3c) shows the Nd (4d 5/2) peak at about
121 eV which is quite consistent with Nd being typically present as
Nd3+ (Nd2O3), suggesting that Nd element is present in the form of
Nd2O3. According to XPS, the Nd/Ti atomic ratio was estimated to be
0.11 and 0.21 for 3Nd–TiO2-500 ◦C and 3Nd–TiO2-800 ◦C. The two
Nd/Ti atomic ratios are significantly higher than the defined value
(0.014). It confirms that most of the Nd2O3 crystallites distribute
on the surface of TiO2 grains or between the interfaces of TiO2
agglomerates. Furthermore, it can be concluded that Nd3+ easily
diffuses to the surface of the TiO2 grains with increasing calcination
temperature.

If we check the O in the XPS spectra for the TiO2 system and
the Nd–TiO2 system (Fig. 3d), we see a shoulder and the O peak
is completely asymmetric for the Nd–TiO2 whereas for the TiO2
system there is a single O1s peak at 529.7 eV. Upon deconvolution
(see insert figure in Fig. 3d) of the O1s peak we find that there
are two separate peaks at 529.7, 530.9 eV for the Nd–TiO2 system.
The peak at 529.7 eV is the characteristic peak of Ti–O bond [35].
The high-energy state (peak located at 530.9 eV) is assigned to O
in Nd2O3 [35]. This proves that there are two different O-moieties
in TiO2 and Nd2O3. These results provide evidence that Nd3+ exist
in individual phases. So along with the Ti 2p and Nd 4d, the O1s
peak strongly suggests that the Nd3+ rather being substituted in
the lattice sites of TiO2 is present as an entirely separate phase.
3.4. TEM, SEM(EDX), and BET analysis

TEM was used to characterize the microstructure of the
TiO2-500 ◦C, TiO2-800 ◦C, 3Nd–TiO2-500 ◦C, and 3Nd–TiO2-800 ◦C
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Fig. 4. TEM of TiO2-500 ◦C (a), 3Nd–TiO2-50
displayed in Fig. 4). The aggregation phenomena occurred in all
he samples. TiO2 and Nd–TiO2 calcined at 500 ◦C and 800 ◦C display
imilar spherical form. 3Nd–TiO2-500 ◦C (3Nd–TiO2-800 ◦C) shows
smaller particle size than TiO2-500 ◦C (TiO2-800 ◦C), which is in

Fig. 5. Energy-dispersed X-ray (EDX) spec
), TiO2-800 ◦C (c), and 3Nd–TiO2-800 ◦C (d).
accordance with the results from XRD and UV Raman spectroscopy
(Figs. 1 and 2).

In comparison with TiO2-500 ◦C, the particle size of TiO2-800 ◦C
increases obviously. From BET data, TiO2-500 ◦C has a specific sur-

trum of 0.5Nd–TiO2-500 ◦C sample.
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band to the conduction band. [37]. In Fig. 7a, red shifts of the absorp-
tion edge toward the visible region are observed for doped samples.
The red shifts can be attributed to the charge-transfer transition
between earth ion f electrons and the TiO2 conduction or valence
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) EDX energy map of Nd corresponding to enlarge image of (a).

ace area of 52.3 m2/g and TiO2-800 ◦C has a specific surface area
f 5.8 m2/g (Table 1). It is well known that the phase transfor-
ation of TiO2 is accompanied by anatase crystallite aggregation,

onsequently increasing particle size of TiO2 and decreasing sur-
ace area. It is obvious that Nd2O3 doping decreases particle size
f TiO2. As a result, the Nd–TiO2 samples have significantly higher
pecific surface area than TiO2 samples under the same calcination
emperature (Table 1).

The SEM-EDX analysis is carried out to identify the elemental
omposition of 0.5Nd–TiO2-500 ◦C, and the EDX spectrum has been
hown in Fig. 5, which shows strong K diffraction peaks of elemen-
al Ti at 4.51 and 4.95 keV, the K diffraction peak of elemental O
t 0.52 keV [36]. Nd element was also detected by EDX analyses.
ccording to the EDX results, the Nd/Ti atomic ratio was estimated

o be 0.012 for 0.5Nd–TiO2-500 ◦C. This value is higher than the
efined value (2.3 × 10−4). In addition, if we take the atomic ratio
e get that of Ti is ∼30 atom%. The O is ∼70 atom%. For formation

f TiO2 the stoichiometric atom% of O required is ∼60%. Therefore,
he other 10 atom% of O might also be accounted for the formation
f the Nd2O3.

For further investigation, an EDX mapping of the elements was
arried out for 0.5Nd–TiO2-500 ◦C. Fig. 6b and c are EDX energy
aps of Ti element and Nd element respectively corresponding to

he enlarge image of Fig. 6a. It is obvious that the distribution of
d element is different from the distribution of Ti element. EDX
lemental maps of samples for Ti and Nd show that Nd element
oes not homogeneously distribute in TiO2 as the concentration
f Nd is high near the surface of TiO2 in the 0.5Nd–TiO2-500 ◦C
ample. Thereby in conjunction along with the XPS studies above,
e can conclude from the EDX also that Nd3+ does not enter the

iO2 lattice, but rather forms a separate oxide phase on the surface
f TiO2.

.5. UV–visible diffuse reflectance spectra

To investigate the influence of Nd2O3 on the optical absorption

roperties of TiO2, we examined the diffuse reflection adsorption
pectra (DRS) of TiO2 and Nd–TiO2 samples calcined at 500 ◦C and
00 ◦C (Fig. 7a and b). The optical absorption of TiO2 for wave-

engths shorter than 390 nm is mainly attributed to the O2− → Ti4+

harge-transfer, related to electron excitation from the valence
d–TiO2-500 ◦C, (b) EDX energy map of Ti corresponding to enlarge image of (a and
200 300 400 500 600 700 800

Wavelength/nm

Fig. 7. UV–vis DRS spectra of TiO2-500 ◦C and Nd–TiO2-500 ◦C samples (a), TiO2-
800 ◦C and Nd–TiO2-800 ◦C samples (b).
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Fig. 8. The photocatalytic activity of degradation of Rhodamin B on

and [38,39]. With increased Nd3+ concentration, the absorption
dge shifted to a longer wavelength.

The band-gap energies of TiO2-500 ◦C and Nd–TiO2-500 ◦C were
stimated by DRS. By plotting (˛E)1/2 vs E with � being the
bsorption coefficient, the band gap energies were calculated to
e 3.22, 3.15, and 3.11 eV for TiO2-500 ◦C, 0.5Nd–TiO2-500 ◦C, and
Nd–TiO2-500 ◦C, respectively. This shows that Nd2O3 doping can
arrow the band-gap of TiO2, which may be beneficial for improv-

ng the photoabsorption and photocatalytic performance of TiO2
40]. Nd–TiO2-500 ◦C catalyst had four typical absorption peaks in
he visible region located at 527, 586, 762 and 802 nm [38], which
orresponded to transitions of 4I9/2 to 2 K13/2 and 4G7/2, 2G7/2 and
G5/2, 4S3/2 and 4F7/2, 4F5/2 and 2H9/2, respectively [41]. Moreover,
he intensities of these absorption bands were found to increase
ith increasing in rare earth content.

For Nd–TiO2-800 ◦C samples (Fig. 6b), the maximum absorp-
ion shows a blue shift with increasing the Nd2O3 contents. The

aximum absorption is at 359 nm for TiO2-800 ◦C, 343 nm for 0.5
d–TiO2-800 ◦C, and 332 nm for 3Nd–TiO2-800 ◦C. As discussed in
ection 3.2, the contents of the anatase phase in Nd–TiO2-800 ◦C
ncrease with increased doping of Nd2O3. Thus, the gradual blue
hift in the maximum absorption of Nd–TiO2-800 ◦C is in good
greement with increase of anatase contents with increasing Nd2O3
ontent.

.6. Evaluation of photocatalytic activity of the samples

RhB was used as the representative organic substances to evalu-
te the photoactivity of TiO2-500 ◦C, TiO2-800 ◦C, Nd–TiO2-500 ◦C,
nd Nd–TiO2-800 ◦C samples (Fig. 8). The degradation of RhB could
e described by first-order kinetic of −ln(Ct/C0) vs reaction time (t):

ln
(

Ct

C0

)
= kapt (2)

here kap is the apparent reaction rate constant, C0 and Ct are the

nitial concentration and the concentration of RhB at reaction time
, respectively. After 50 min of irradiation, 55% and 67% of RhB are
egraded by the 0.5Nd–TiO2-500 ◦C and 3Nd–TiO2-500 ◦C catalysts
s compared to 44% by the TiO2-500 ◦C photocatalyst. This suggests
hat Nd3+ doping enhances the photocatalytic activity of TiO2.

able 2
he first-order kinetic constants (kap, min−1) and relative coefficient (R2) for degradation

TiO2-500 ◦C 0.5Nd–TiO2-500 ◦C 3N

Apparent rate constant, kap (min−1) 0.01175 0.01615 0.0
Relative coefficient (R2) 0.9933 0.9973 0.9
40 50

O2 and Nd–TiO2 photocatalysts calcined at different temperatures.

The BET results (Table 1) show that the specific surface
areas increased from 52.3 m2/g for TiO2-500 ◦C to 68.3 m2/g for
0.5Nd–TiO2-500 ◦C, and then to 89.7 m2/g for 3Nd–TiO2-500 ◦C.
Usually, a large specific surface area may be an important factor,
influencing the rate of photocatalytic degradation reaction, as a
large amount of adsorbed organic molecules promote the pho-
tocatalytic reaction. Therefore, the larger specific surface area of
Nd–TiO2-500 ◦C photocatalysts provides more absorbing sites for
reactant molecules (RhB) [42]. Moreover, the decrease in the par-
ticle size of Nd–TiO2-500 ◦C enhances the photoinduced charge
transfer from the bulk of particles to the surface-absorbed reac-
tants [43]. Xu et al. [43] suggested the 4f level of lanthanide plays
an important role in interfacial charge transfer and elimination of
electron–hole recombination for lanthanide-doped sample. Lan-
thanide ions could act as an effective electron scavenger to trap
the CB electrons of TiO2.

As discussed above, neodymium doping has little influence on
the surface and bulk crystalline phase of Nd–TiO2-500 ◦C samples
while has an obvious influence on the surface areas and optical
absorption properties of Nd–TiO2-500 ◦C samples. Although the
Nd–TiO2-500 ◦C samples have the same surface phase as the TiO2-
500 ◦C sample, they exhibit a different overall rate of photocatalytic
degradation of RhB (Table 2). This trend in photocatalytic activity
of degradation of RhB is different from that of the rate of H2 pro-
duction (from the photocatalytic reaction of water and methanol),
which the overall photocatalytic activity does not evidently change
for TiO2 samples with the surface anatase phase. For Nd–TiO2 with
the same surface anatase phase, surface area and the optical absorp-
tion properties of Nd–TiO2 are the two main factors influence its
photocatalytic activity of degradation of RhB.

Compared with TiO2-500 ◦C, the decrease in particle size,
increase in surface area, extension of optical range, and increase in
the separation efficiency of electron–hole pairs of Nd–TiO2-500 ◦C
are the reasons for the higher photocatalytic activity of Nd–TiO2-
500 ◦C. In addition, Shah et al. [44] proposed that the high oxygen

3+
affinities of interstitially located Nd ions effectively create a local-
ized positive charge around Ti and/or form an oxygen vacancy. The
potential energy of ion dopants was disturbed and electrons were
efficiently trapped. Consequently, the photocatalytic activity was
remarkably improved.

of RhB under UV light irradiation.

d–TiO2-500 ◦C TiO2-800 ◦C 0.5Nd–TiO2-800 ◦C 3Nd–TiO2-800 ◦C

2219 0.00524 0.02635 0.05044
941 0.9802 0.9989 0.9910
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TiO2-800 ◦C showed poor photocatalytic performance with a
ap of 0.00524 min−1 (Table 2), this is due to the rutile phase in
he bulk and surface region and its small specific surface areas
5.8 m2/g). Rutile TiO2 shows a much higher combination rate of
hoto-generated electrons and holes compared with the anatase
hase [45]. 0.5Nd–TiO2-800 ◦C shows much higher activity with
kap of 0.02635 min−1 than TiO2-800 ◦C, implying that modifica-

ion with Nd2O3 can improve the photocatalytic degradation rate
f RhB. As discussed above, the enhanced activity of 0.5Nd–TiO2-
00 ◦C is attributed to its high surface area and its high separation
fficiency of electron–hole pairs, resulting from the addition of
d2O3.

It should be noted that the 0.5 Nd–TiO2-800 ◦C has slightly
igher band gap energy than TiO2-800 ◦C. Moreover, the specific
urface areas of 0.5Nd–TiO2-800 ◦C (10.0 m2/g) are comparable to
hat of TiO2-800 ◦C (5.8 m2/g). However, the activity of 0.5Nd–TiO2-
00 ◦C is greatly improved. UV Raman spectra results (Fig. 2b)

ndicated that the surface region of 0.5Nd–TiO2-800 ◦C is in the
ixed phase compositions with 11% anatase and 89% rutile phase,
hile the surface region of TiO2-800 ◦C is in the pure rutile phase. It

s clear that the photocatalytic activity of 0.5Nd–TiO2-800 ◦C drasti-
ally increased with a small amount of anatase phase in the surface
egion compared to pure surface rutile phase (TiO2-800 ◦C).

It is interesting to note that despite the larger surface area
f 0.5Nd–TiO2-500 ◦C, 0.5Nd–TiO2-800 ◦C has the higher activity.
ixed surface phases of anatase and rutile (89% rutile and 11%

natase) are observed for 0.5Nd–TiO2-800 ◦C (Fig. 1b), while pure
urface anatase phase is observed for 0.5Nd–TiO2-500 ◦C (Fig. 2b).
hese results imply that 0.5Nd–TiO2-800 ◦C with a mixture of
urface anatase and rutile has a higher rate of photocatalytic degra-
ation of RhB than pure surface anatase or pure surface rutile TiO2.
hese results strongly suggest the existence of a synergistic effect
etween surface anatase and rutile phase in the Nd3+ doped TiO2,
hich is similar to that of undoped TiO2 [22]. This synergistic effect

formation of the surface anatase/rutile phase junction) favors pho-
oinduced charge separation [16–18], and further improves the rate
f photocatalytic degradation of RhB.

For 3Nd–TiO2-800 ◦C, the surface rutile and anatase content is
bout 52 and 48%, respectively. Compared with 0.5Nd–TiO2-500 ◦C,
ontaining 89% rutile and 11% anatase in the surface region, the
mount of the anatase/rutile phase junction on the TiO2 surface
ay increase for the 3Nd–TiO2-800 ◦C. Thus, the higher photocat-

lytic degradation of RhB for 3Nd–TiO2-800 ◦C is observed. In short,
he introduction of Nd2O3 into TiO2 inhibits the growth of particle
ize, phase transition, extends the optical range, creates a localized
ositive charge around Ti and/or forms an oxygen vacancy, and

ncreases the amount of the phase junctions between anatase and
utile in the surface region. This may give rise to a high photoactivity
f degradation of Rhodamine B for 3Nd–TiO2-800 ◦C.

. Conclusions

TiO2 modified with Nd2O3 (Nd–TiO2) nanoparticles were
ynthesized using a co-precipitation method. A systematic charac-
erization involving bulk and surface crystal structure, particle size,
pecific surface area, chemical state of neodynum dopant, and opti-
al properties of Nd–TiO2, together with their relationships with
he photocatalytic degradation of Rhodamine B (RhB) were con-
ucted. It was found that Nd3+ does not enter TiO2 lattice, but exists

n individual phases in the form of Nd2O3 on the surface of TiO2

rains or the interface of TiO2 agglomerated particles. Moreover,
d3+ easily diffused to the surface of TiO2 grains or the interface of
iO2 agglomerated particles with increasing calcination tempera-
ure. The surface modification with Nd2O3 can enhance the thermal
tability of the anatase phase in the surface region of Nd–TiO2.

[

[
[
[

mpounds 509 (2011) 6227–6235

For the Nd–TiO2 samples with the same surface anatase phase,
the activity enhancement of Nd–TiO2 is mainly attributed to the
high photoinduced charge separation rate, large surface area, and
to the extension of optical response range. For the Nd–TiO2 sam-
ples with the mixed phases of anatase and rutile in the surface
region, a synergistic effect was found between surface anatase and
rutile phase, which is similar to that of undoped TiO2. This paper
provides a strategy for designing high-performance TiO2-based
photocatalysts for photodegradation of organic pollution by tuning
the surface phase composition and keeping a large surface area.
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