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Samarium (Sm)-modified TiO2 nanotubes (TNTs) were synthesized by low-temperature soft chemical

processing. X-ray powder diffraction analyses of the synthesized Sm-doped and non-doped TNTs show

a broad peak near 2y¼101, which is typical of TNTs. The binding energy of Sm 3d5/2 for 10 mol%

Sm-doped TNT (1088.3 eV) was chemically shifted from that of Sm2O3 (1087.5 eV), showing that Sm

existed in the TiO2 lattice. Sm-doped TNTs clearly exhibited red fluorescence, corresponding to the

doped Sm3þ ion in the TNT lattice. The Sm-doped TNT excitation spectrum exhibited a broad curve,

which was similar to the UV–vis optical absorption spectrum. Thus, it was considered that the

photoluminescence emission of Sm3þ-doped TNT with UV-light irradiation was caused by the energy

transfer from the TNT matrix via the band-to-band excitation of TiO2 to the Sm3þ ion.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

At present, the optoelectronic device and flat-panel display
markets are expanding globally. The incorporation of rare earth
(RE) elements in such devices depends on their luminescence
behavior, and photophysical insights into their excited-state spe-
cies through fundamental and applied studies are of paramount
importance. As RE elements can be incorporated in glasses, metal
oxides, phosphors, metal organic complexes, and various wide
band-gap semiconductor materials, [1] they can be exploited in the
design of materials for micro and nanoscale device applications.

Luminescence of materials depends on their electronic band
structure. RE element ions are in the divalent or trivalent state
and have intense luminescence because of 4f electron transitions.
Hence, luminescence of RE elements is almost independent of the
host matrix. However, the energy levels of RE elements could be
largely influenced by the crystal symmetry, and this does depend
on the host material. Therefore, the choice of host material is a
very important factor for achieving good optical properties [1,2].
For these reasons, titanium dioxide (TiO2), a wide band-gap
(3.2 eV) semiconductor material that has attracted considerable
attention because of its multiple potential applications, is a
plausible candidate for the host material.
ll rights reserved.

ino).
Recent investigations revealed that TiO2 could be synthesized
in tubular, wire-, and rod-like forms. Among them, titanium
dioxide (TiO2) nanotube (TNT) [3–5] having an one-dimensional
nanostructure has attracted much attention not only in funda-
mental studies but also in application oriented investigations on,
for example, gas sensors [6] and dye-sensitized solar cells [7]. We
demonstrated that doping of TNT is advantageous in enhancing
various physical and/or chemical properties; doping of transition
metal cations such as Cr and Mn in TiO2 nanotubes enhances the
electrical conductivity and thermal stability of TNTs [5]. Further-
more, the doping of Sm to TNT enhances the molecular adsorption
properties of TNT because of the modification of the TNT charge
states by the trivalent Sm3þ ions in the TiO2 lattice and the
corresponding oxygen vacancies [8].

From these facts, it is expected that RE-doped TNTs also
exhibit photoluminescence (PL). Zeng et al. [9] reported the PL
properties of three kinds of Eu3þ-doped TiO2 nanostructures and
found stronger and longer lifetime PL emission from the Eu3þ-
doped TNTs due to the energy transfer from TiO2 to Eu3þ ions.
However, detailed investigations on the PL properties including
energy-transfer characteristics have not yet been reported for
low-dimensional semiconductor oxide nanotubes doped with
samarium (Sm). In this study, Sm3þ-doped TiO2 nanotubes were
synthesized by low-temperature soft chemical processing and
their crystallinity, chemical compositions, nanostructures, and
PL properties were investigated. Furthermore, we discuss
the energy-transfer behavior in TiO2 nanotubes in relation to
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their PL characteristics and crystal field environment of doped
Sm3þ ions.
Fig. 1. XRD patterns for pure Sm2O3 powder and the Sm-doped TNTs with

addition of Sm of molar concentrations from 0% to 5%.

Table 1
Sm contents in doped-TNTs analyzed by XRF measurement for 0.5–10 mol% of

nominal Sm contents.

Samples (mol% of Sm) 0.5 1 2 3 5 10

Analyzed Sm content

In mol% 0.13 0.50 0.56 1.0 2.2 1.2

In mass% 0.70 2.7 2.9 5.2 10 4.7
2. Experimental procedure

2.1. Preparation of Sm-doped TNTs

TNTs were synthesized using a solution chemical process that
was previously reported by Kasuga et al. [3,4]. Anatase-type TiO2

powder (99.9%, Kojundo Chemical Laboratory Co. Ltd., Tokyo,
Japan) and Sm(NO3)3 �5H2O (99.9%, Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) were used as the starting materials. The
molar concentrations of Sm were varied at 0%, 0.5%, 1%, 3%, 5%,
and 10%. The weighted powders were added to 10 M NaOH
aqueous solution in fluoropolymer bottles and ultrasonicated to
disperse the powders homogeneously. The mixture was refluxed
at 110 1C for 22 h, after which the product was washed with
distilled water (DW) several times and neutralized with 0.1 M
HCl. Next, the product was washed again with DW until the
conductivity reached 10 mS/cm to eliminate the residual electro-
lytes such as sodium and chloride ions. The obtained powder was
then filtered, rinsed with ethanol, and dried at 70 1C for 24 h.
Finally, Sm-doped TiO2 nanotubes were calcined at 400 1C for 3 h
to eliminate structural water and hydroxyl groups and to increase
its crystallinity.

2.2. Characterization

Synthesized nanotubes were investigated by an X-ray diffract-
ometer (XRD: Cu Ka ray, RINT2200, Rigaku Co., Tokyo, Japan) to
identify the crystalline phase. Chemical composition analysis was
carried out using an X-ray fluorescence spectrometer (ZSX100, Rh
Ka, Rigaku Co.). Transmission electron microscopy (TEM: 200 kV,
JEM-2010, JEOL Ltd., Tokyo, Japan) and field-emission scanning
electron microscopy (FE-SEM, S-4100, Hitachi Ltd., Tokyo, Japan)
were used to investigate the nanostructure of the products.
Samples for TEM investigation were prepared by dropping etha-
nol suspensions of the synthesized nanotubes on a carbon-coated
Cu grid. X-ray photoelectron spectroscopy (XPS: Mg Ka ray,
10 mA, 10 kV, ESCA3400, PHI-5600, Perkin-Elmer, OH, USA) was
used to identify the existence and bonding states of elements in
the synthesized nanotubes. Optical transmission spectra were
measured using an ultraviolet-visible light spectrophotometer
(UV–vis, V-650, JASCO, Tokyo, Japan) in a wavelength range from
200 to 600 nm. PL measurement was performed using a fluores-
cence spectrometer (FP-6600, JASCO Corp., Tokyo, Japan) for the
Sm-doped samples.
3. Results and discussion

3.1. Crystalline phase and chemical compositions

To investigate the crystalline structure of the Sm-doped TNTs,
XRD measurements were performed, the results of which are
shown in Fig. 1 along with that of non-doped TNT. For the non-
doped sample, the broad peaks around 2y of 241, 281, 481, and 621
are from the titanate nanotubes containing Hþ and/or Naþ ions
[10–12]. The broad peak around 2y¼101 corresponds to the layer
spacing in the nanotube wall; it is argued that the TiO2 nanotube
is formed by scrolling titanate nanosheets composed of H2Ti3O7,
NaxH2�xTi3O7 or lepidocrocite-type AxTi2�x/4&x/4O4 (A; Na and/or H,
&; vacancy) crystals that have a layered structure. The scrolling
direction of the wall had been proposed to occur along the (100)
plane and could occur around the [001] axis [13,14]. Furthermore,
it should be noted that these crystal structures consists of TiO6

octahedra, which have similar coordination environment to the
anatase- and rutile-types of TiO2. In the Sm-doped sample, the
peak at around 2y¼101 was also observed and the overall XRD
pattern was similar to that of non-doped TNT, indicating that the
nanotubes formed in the presence of Sm. However, the Sm-doped
TNTs showed a broader XRD profile than that of the non-doped
TNT, and in addition, the peak around 101 slightly shifted towards
a lower diffraction angle. These results indicate that the layer
distance of the titanate crystals in the walls of the nanotube were
shortened by Sm addition. Furthermore, no Sm2O3 pattern was
observed in the synthesized Sm-doped TNTs by XRD analysis
(Fig. 1).

Elemental analysis using X-ray fluorescence confirms the pre-
sence of Sm in the synthesized TiO2 nanotubes (Table 1), even at
low Sm concentrations (0.13–2.2 mol%, cf. nominal compositions
0.5–10 mol%). It is considered that some Sm might be dissolved
during synthesis. In addition, Na was not found in the TNT samples,
showing the obtained TNTs consisted of Ti, O, and Sm.

3.2. Nanostructure characteristics

The morphology of non-doped and Sm-doped TNTs was
observed by SEM and TEM. The TEM images, shown in Fig. 2,
revealed that nanotubular structures of non-doped TiO2 formed
with diameters of approximately 10 nm and length of several
hundreds of nanometers. The Sm-doped TiO2 nanotubes were of
similar morphology. However, slightly larger diameter, approxi-
mately 16 nm for the 1 mol% Sm-doped TNT (Fig. 2b), was
confirmed for the Sm-doped samples.

SEM images for the Sm-doped TNTs showed that the tubes
were entangled with each other and formed large agglomerates
(Fig. 3a). However, no TNT surface particulates were observed by
SEM analysis as well as by TEM investigation. As mentioned



Fig. 2. TEM images of (a) non-doped TNT showing a tubular structure with a length of over 800 nm and (b) high magnification image of 1 mol% Sm-doped TNT. Arrows in

(a) represents typical diameter (10.2 nm) for non-doped TNT.

Fig. 3. FE-SEM images of 1 mol% Sm-doped TNT taken at different magnifications (a) �5 k, (b) �10 k, (c) �30 k, and (d) �50 k.
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before, no crystalline Sm2O3 was confirmed in XRD analysis while
Sm was detected in the XRF measurements of the synthesized
samples; therefore, it is inferred that Sm is well doped in the
crystalline lattice of TiO2 nanotubes.
3.3. Photoluminescence properties

PL emission spectra of the Sm-doped TNTs were obtained in
the range 400–700 nm. The PL emission spectrum for the 1 mol%
Sm-doped TNT shown in Fig. 4(b) exhibits strong red fluorescence
with 350-nm excitation, which could also be clearly visible by
naked eyes. Furthermore, the shape and peak position of the PL
spectra for the 3 and 5 mol% Sm-doped TNTs were the same as
those of 1 mol% sample, except the PL intensity; the PL emission
intensity increased with increase in Sm content.
The emission spectrum exhibits three major peaks at 580 nm,
610 nm, and 660 nm that correspond to 4G5/2-

6H5/2, 4G5/2-
6H7/2,

and 4G5/2-
6H9/2 f–f transitions of the Sm3þ in the 4f5 configura-

tion, respectively. These results are in good agreement with the
previous reports on the PL characteristics of Sm3þ [15–20], and
thus, it is confirmed that Sm-doped TNT exhibits photolumines-
cence because of the doped Sm3þ ion.

The PL of RE-doped mesoporous TiO2 films was first reported
by Frindell et al. [19], who proposed that the efficient energy-
transfer process from the TiO2 lattice conduction band to the RE
ion via the TiO2 surface defects results in PL emission from RE-
doped TiO2 film in the visible range. Recently, Jing et al. [20]
reported the detailed PL properties and the energy-transfer
characteristics for Sm3þ-doped anatase- and rutile-types TiO2

thin films. They explained that the PL emission originated from
the indirect excitation of the Sm3þ ions through the energy



Fig. 4. PL spectra of 1 mol% Sm-doped TNT (a) excitation spectra (monitored at

610 nm. Rayleigh scattered peak presents at 305 nm) and (b) emission spectra

(excited at 350 nm). The inset in 5(a) shows the UV–vis transmission spectra.

Fig. 5. XPS spectra of (a) Ti 2p3/2 and 2p1/2 and (b) O 1s in 10 mol% Sm-doped TNT.
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transfer from electron–hole pairs created in the TiO2 host;
however, they claimed that the energy transfer from the conduc-
tion band of the TiO2 host lattice is not via the defect state of the
host lattice but occurs directly to the 4G5/2 inner core level of the
Sm3þ ions and then to the 6HJ levels (J¼5/2, 7/2, 9/2, and 11/2)
with visible light emission. Jing et al. [20] also pointed out that
the fine structure in the PL emissions appeared at the high energy
side at around 575 nm of the 4G5/2-

6H5/2 transition, which can
also be observed in the present Sm-doped TiO2 nanotubes (see
Fig. 4b, 563–575 nm). In addition, the transitions to 6H7/2 and 6H9/2

also accompany several peaks. These fine structures in the PL
spectrum can be attributed to the Stark effect; it was reported
that the Sm-doped glasses exhibited several fluorescence transi-
tions between various energy levels, which were associated by
the Stark splitting of each energy levels, such as 6HJ,

4GJ. and 4F3/2,
of Sm3þ ions in the glass hosts [21]. In more detail, because the
6H5/2 level is the ground state of the Sm3þ ions and is split into
three levels when the ions are in a non-cubic crystal field [16,20],
which might be the case for the distorted MO6 octahedron in the
anatase structure.

Contrary to the emission spectrum, the excitation spectrum,
shown in Fig. 4a, shows a broad curve without obvious peaks. It is
quite similar to the UV–vis optical absorption spectrum (inset in
Fig. 4a), demonstrating that the excitation of Sm-doped TNT
follows the absorption edge of TiO2. When the RE ions are directly
excited, both the emission and excitation spectra should have
sharp peaks and be rather symmetrical according to the corre-
sponding energy levels. However, as this is not the case here, it
indicates that the PL emission originates from the indirect
excitation of Sm3þ via energy transfer from the excited TiO2

nanotube lattice to the doped Sm3þ ions, a phenomenon which
occurs in Sm-doped TiO2 thin films [19,20].

The well-resolved PL spectrum of the Sm-doped TNT clearly
demonstrates that the Sm3þ ions are located in a regular crystal
field environment. The PL characteristics of RE ions in a crystal
field depend on the symmetry of the coordination structure, and
lead to a splitting of the energy levels. In the TiO2 nanotube doped
with Sm3þ ions, although the radius of the Sm3þ ion (0.96 Å) is
larger than that of the Ti4þ ions (0.605 Å), it can be concluded
that the Sm3þ ions substitute the Ti4þ ions in the TiO2 nanotubes
lattice. In addition, they distort the Ti(Sm)O6 octahedral structure
due to the large ionic radius difference and the formation of
oxygen vacancy by the substitution of trivalent (Sm3þ) ions to
tetravalent (Ti4þ) ones. All these facts are regarded to have
influence on the resulting PL properties of the Sm-doped TNTs.
Furthermore, the charge recombination analysis using time-
resolved diffuse reflectance spectroscopy revealed that the non-
doped pure TNT exhibited remarkably long lifetime of photo-
induced charges such as electron than that of TiO2 nanoparticles
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due to the longer diffusion length [22], showing the advantage of
one-dimensional (1D) nanostructured TiO2 in charge transport
behavior. It is therefore inferred that the strong PL in the present
Sm-doped TNT is associated with the effective energy transfer
from TNT lattice to Sm3þ ions owing to the long lifetime of
photoinduced charges in the unique 1D semiconductor host. More
detailed investigation regarding energy transport dynamics as
well as PL emission kinetics for the Sm-doped TNTs will be the
subject of future reports.

3.4. XPS spectra analysis

XPS measurements were performed to confirm the existence
and bonding nature of the Sm3þ ions in TiO2 nanotubes.
Figs. 5 and 6 show the individual XPS spectra of TiO2 anatase,
non-doped TNT, Sm2O3, and 10 mol% Sm-doped TNT. The peaks of
Ti, O, and Sm are observed. The peaks located at 459.1 and
464.9 eV indicate the spin–obit splitting of the Ti 2p components
(2p3/2 and 2p1/2, respectively), the peak at 530.6 eV is attributed
to the O 1s component. These are in good agreement with those of
the titanium dioxide species. The peak of C 1s at 285.4 eV is due to
Fig. 6. XPS spectra of Sm 3d5/2 in (a) 10 mol% Sm-doped TNT, (b) Sm2O3, and

(c) O 1s in Sm2O3 powder.
the absorbed carbon, and was used to calibrate the binding
energy of the obtained spectra.

The peak at 1088 eV in Fig. 6(a) and (b) is attributed to the Sm
3d5/2 observed in Sm-TNT and pure Sm2O3 powder, respectively.
The binding energy of Sm 3d5/2 in Sm-doped TiO2 nanotubes
(1088.3 eV) is slightly greater than that of Sm2O3 (1087.5 eV),
corresponding to a chemical shift of 0.8 eV. Sm2O3 is a type-B
monoclinic structure in which the Sm3þ ion bonds with seven
oxygen atoms [23]. The chemical shift of Sm 3d5/2 is attributed to
the difference in the chemical and coordination environments of
the Sm3þ ions in the TiO2 matrix; the binding energy in the
6-coordination environment of Sm3þ in the TiO2 crystal is larger
than that of the 7-coordination in the Sm2O3 crystal. From these
XPS results, it is inferred that Sm3þ ions substitute Ti4þ ions in
the TNTs and are located in a MO6 octahedral crystal field
environment, which agrees well with the results obtained from
photoluminescence analysis.
4. Conclusion

TiO2 nanotube was successfully modified by Sm doping
through soft chemical process. The typical XRD peak of TNTs
around 2y¼101 was slightly shifted by the addition of Sm. The
doping of Sm3þ ions in the TNT resulted in red photolumines-
cence. Energy transfer from the TNT matrix to the doped Sm3þ

ions occurred via the band-to-band excitation of the TiO2 lattice
by incident light irradiation followed by the excitation of the
doped Sm3þ ions resulting in Sm3þ fluorescence. XPS analysis
also revealed that Sm3þ ions replaced the Ti4þ ions in the TNT
lattice. It is concluded that the doping of appropriate elements
such as Sm is advantageous to functionalize semiconductor oxide
nanotube materials.
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