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Pure and Gd3+-doped titanate nanotubes (TNTs) materials were synthesized by a hydrothermal method. Their morphology,
optical properties, thermal stability, and magnetic properties were characterized by X-ray diffraction (XRD), transmission electron
microscope (TEM), UV-Vis spectroscopy, thermal analysis, and magnetic measurements. It was found that doping renders Gd3+-
TNT visible light active and results in smaller crystallite size and larger surface area as well as higher thermal stability compared to
pure titanate nanotubes. The estimated magnetic moments point to presence of weak antiferromagnetic interaction. Application of
the prepared Gd3+-TNT for modifying conventional photoanodes in polymer solar cells was attempted. Preliminary results show
slightly improved photovoltaic energy conversion efficiency in the devices containing the newly designed Gd3+-doped nanotubes.

Copyright © 2009 Hoda S. Hafez et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

After the innovative work of Kasuga et al. [1], titanium
dioxide and titanate nanotubes (TNTs) with large specific
surface area and pore volume have gained promising and
important prospect due to their fascinating microstructures
and excellent properties [2]. TiO2-derived nanotubes such
as sodium titanate (NaxH1−xTi3O7, x ∼ 0.75) and hydro-
gen titanate (H2Ti3O7 or H3Ti5O11) prepared by a simple
hydrothermal method are particularly interesting partly
due to their one-dimensional nanostructures, uniform
nanochannel, electronic conductivity, and larger specific
surface area [3]. This showed promise for applications such
as photocatalysis, sensing, adsorbents, mesoporous catalyst,
and a good candidate material for dye-sensitized solar cells
[4]. Nanotubes have a large specific surface area available
for the absorption of photons compared to the bulk material
while also providing channels for enhanced electron transfer,

thereby helping to increase the efficiencies for photovoltaic
energy conversion [5].

Rare earth ions have been widely used in high-per-
formance luminescence devices, catalysts, and other func-
tional materials because of the electronic, optical, and chem-
ical characteristics originating from their 4f electrons [6].
Rare earth titanates have interesting dielectric, piezoelectric,
and ferroelectric properties [7–9]. These materials usually
possess a pyrochlore structure [10–13], which find numerous
applications.

In this study, the titanate nanotubes doped with Gd3+

ions, with different concentrations of metal levels, were
synthesized by hydrothermal treatment of pure anatase
Gd3+-doped TiO2 powders in concentrated NaOH solution.
It is the first time to obtain titanate nanotubes doped
with paramagnetic Gd3+ ions in the view of their possible
promising application in inorganic/polymer hybrid solar cell
devices. Moreover, Gd3+ materials could be manipulated
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with an external magnetic field for better alignment on dif-
ferent surfaces. The morphology, structure, thermal stability,
and the magnetic properties of these titanate nanotubes
doped with Gd3+ were described and discussed.

2. Experimental

2.1. Chemicals. Titanium(IV) isopropoxide, Ti[O(C3H7)]4

(TTIP) 98.9%, Fluka, Gadolinium(III) nitrate pentahydrate
Gd(NO3)3. 5H2O (99.9% pure grade), Aldrich, Sodium
poly [2-(3-thienyl)-ethoxy-4-butylsulfonate], or PTEBS is a
water-soluble thiophene polymer, American Dye Source. All
other chemicals were of analytic purity grades and were used
as received from Sigma-Aldrich Inc.

Conducting glass plates (FTO glass, Fluorine-doped tin
oxide overlayer, and sheet resistance 25 ± 5Ω, purchased
from Hartford Glass Co., USA) were used as a substrate
for precipitating titania porous film and were cut into
25× 25× 2.3 mm sheets.

2.2. Synthesis of Gd3+-Doped Titanate Nanotubes. The ana-
tase Gd3+-doped TiO2 powders were first prepared by a
conventional sol-gel process. 4.6 mL of TTIP is dissolved
in 30 mL of methanol under stirring. This is followed by
the addition of a mixture of 0.2 mL of concentrated HCl
(catalyst), and 1.6 mL of water for hydrolysis. The hydrolysis
of TTIP is allowed to proceed for 15–30 minutes. Then 0,
2, 5, 7 mol% of gadolinium nitrate dissolved in 20 mL of
methanol is added to the above mixture under stirring. The
resulting transparent colloidal suspension is stirred for 2
hours and aged for 24 hours until the formation of a gel. The
resulting gel is dried at 80◦C and then ground into a powder
which is then calcinated at 450◦C for 2 hours.

Gd3+-doped titanate nanotubes (Gd3+-TNTs) are pre-
pared as described in Reference [14]. In a typical procedure,
100 mg of the pure anatase Gd3+-doped TiO2 nanoparticles
are transferred into a Teflon-lined autoclave, which con-
tained 20 mL of 10 M NaOH. The autoclave is then placed in
an oven at 130◦C for 48 hours. The contents of the autoclave
are filtered and the resulting powders are washed with dilute
HCl then deionized water until pH = 7 and dried at 80◦C for
5 hours in a vacuum oven.

2.3. Material Characterizations. The nanotubes are char-
acterized in a number of ways. Transmission Electron
Microscopy (TEM) is done using a Jeol model JEM-1230
TEM operated at 100 kV. X-ray diffraction (XRD) analysis is
made using a D/max γA. X-ray diffractometer (X′ Pert Pro,
Japan) with Cu Kα radiation (Kα = 0.15418 nm) at 45 KV and
40 mA. Raman scattering spectra are recorded with a Horiba
Jobin Yvon Raman spectrometer, using the 632.817 nm He-
Ne laser for excitation. The light beam is focused through a
standard Olympus Microscope with a 100 x lens down to 5–
10 μm in diameter. Differential scanning calorimetry (DSC)
and thermogravimetric analyses (TGA) are performed using
a Perkin-Elmer PYRIS TGA, under N2 gas, at a heating
rate of 10◦C/min. The temperature ranged from room
temperature to 800◦C in order to obtain crystallization and
phase-transformation data. The optical properties of the

samples are characterized by using a Jasco V550 UV-Vis
spectrophotometer.

The dc magnetic susceptibility is carried out using super-
conducting SQUID magnetometry in the temperature range
of 5–100 K with an excitation field Hac = 400 Oe. On the
basis that the magnetic susceptibility can be related to atomic
properties, we converted mass magnetic susceptibility to the
molar magnetic susceptibility χM using χM = χg ·Mw, where
Mw is the molecular weight of the investigated samples.

For the characterization of the photovoltaic devices,
current–voltage IV characteristics in the dark and under
illumination were measured using a Keithley 236 source
measurement unit with an AM 1.5 solar simulator (Spectra-
Physics model 96000). The intensity of about 80 mW/cm2

was measured with a Spectra-Physics optical power meter
(model 407A).

2.4. Solar Cell Fabrication. The hybrid inorganic/polymer
solar cell devices were fabricated as described in the literature
[15] but with the addition of a TiO2 hole blocking layer
(HBL) [16]. Twelve devices were fabricated per substrate to
check the reproducibility. Each device (area = 0.15 cm2) con-
sists of four layers on top of the FTO-coated glass substrate,
namely, a dense TiO2 HBL, a porous nanocrystalline TNT
layer, the PTEBS polymer layer (approximately 8 μm thick)
prepared by dropcasting, and Au layer deposited by sputter-
coating.

The porous titanate layer was prepared by mixing 1 g
titanate powder with 30 mL ethanol containing 1 mL acetic
acid and five drops of triton X-100. The mixture was
sonicated for 15 minutes and spin coated on top of the HBL
at 2000 rpm for 30 s. The coating process was repeated to
obtain thick films. The resulting films was sintered at 450◦C
for 2 hours in air.

3. Results and Discussion

3.1. Morphology and Crystal Properties. The TEM images of
the precursor TiO2 nanoparticles and the obtained undoped
and Gd3+-doped TNT after the hydrothermal treatment
are shown in Figure 1. The pure titania precursor for the
preparation of the titanate nanotubes were nanoparticles of
pure anatase titania with an average diameter of about 15 nm
as shown in Figure 1(a). The TEM morphologies of the
undoped and Gd3+-doped titanate nanotubes were shown in
Figures 1(b) and 1(c). It is clear from these figures a well-
identified multiwalled nanotubular structure with an average
outer (inner) diameter of approximately 11 nm (5 nm) and a
length of few hundreds of nanometers.

The mechanism for forming the nanotubes via the
hydrothermal reaction was proposed by Viriya-Empikul
et al. [17]. The process begins when the TiO2 and doped
TiO2 powders are dissolved completely in the NaOH solu-
tion. These powders then form octahedrally configured
[Ti(OH)6]2− and [M(OH)6

n−] anions in the solution. The
anions connect by sharing edges to form Ti5O11

− nanosheets,
which are a few thick atomic layers and they mayroll
themselves into nanotubes to minimize the surface energy.
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(a)
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Figure 1: TEM micrographs of (a) TiO2 nanoparticles, (b) pure TNT (c) 5% Gd3+-TNT.
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Figure 2: XRD patterns of: (a) Pure TiO2; (b) pure TNT, and (c)
2% Gd3+-TNT; (d) 5% Gd3+-TNT; (e) and 7% Gd3+-TNT.

XRD patterns of the starting precursor titania nanopar-
ticles and hydrothermally synthesized Gd3+-titanate nan-
otubes with different Gd3+-doping level (from 2%–7%
molar ratio) are presented in Figure 2. For the starting
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Figure 3: UV-Vis absorption spectra obtained from (1) pure TiO2;
(2) Pure TNT; (3) 5% Gd3+-TNT.

material (Figure 2(a)), only the peaks corresponding to the
pure anatase TiO2 phase (JCPDS 21-1272) were observed.
However, the titanate nanotubes have a new crystalline
structure which is different from the well-defined anatase
and rutile phase, but compatible with the reported phase of
known titanate (see Figure 2(b)) [18]. The peak positions of
the pure and the Gd3+-doped titanate nanotubes are almost
the same and the obtained diffraction peaks are identified to
be those of H3Ti7O11 (JCPDS 44-0131) [19]. With enhancing
the Gd3+-doping level, it was found that there is no peak
ascribed to gadolinia (Figures 2(c)–2(e)). It means that
Gd3+ ions are indeed doped into the structure of titanate
nanotubes and the doping of paramagnetic Gd3+ ions did not
change the structure of nanotubes obviously [20].

3.2. Optical Properties. Figure 3 shows UV-Vis absorption
spectra of the pure and Gd3+-doped TNT compared with
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Figure 4: Raman spectra of: (a) Pure TiO2; (b) 5% Gd3+-TiO2; (c) Pure TNT; (d) 5% Gd3+-TNT.

pure titania nanoparticles. A red shift of the absorption onset
is observed for the doped TNT relative to the bulk anatase
TiO2. The observed visible light activity could be attributed
to the charge-transfer transition between the f electrons of
Gd3+ with the conduction or valence band of titanate [21].

The Gd3+-doped titanate nanotubes were further char-
acterized by Raman spectra, which are shown in Figure 4.
The pure TiO2 anatase (Figure 4(a)) belongs to the symmetry
space group D19

4h. Group theory predicts six Raman active
modes for the anatase phase: three Eg modes centered around
145, 197, and 639 cm−1; two B1g modes at 399 and 519 cm−1;
and an A1g mode at 513 cm−1 [22]. In the Raman spectrum
of 5% Gd3+-doped anatase nanoparticles (see Figure 4(b)),
all the observed Raman peaks were also identified from the
tetragonal anatase phase. After forming nanotube structures,
their Raman spectrum is apparently different from its precur-
sor anatase phase. In Figures 4(c) and 4(d), there are three
new peaks located at 277, 443 and 660 cm−1 in the Raman
spectrum of the pure and Gd3+-doped titanate nanotubes.
The peak at 277 cm−1 is assigned to the characteristic phonon
mode of titanate nanotubes [23]. The peak at 443 cm−1,
according to the study of Ma et al. [24], is assigned to the
Ti–O bending vibration involving six-coordinated titanium
atoms and three coordinated oxygen atoms. Based on the
studies of Kasuga et al. [14], and Sun et al. [25], the peak
at 660 cm−1 is due to the H-O-Ti vibration in titanate
nanotubes [2]. From the Raman spectrum of Gd3+-doped
titanate nanotubes, the presence of any other vibration
modes from secondary phases (e.g., Gadolinium oxides or
various Gd3+-Ti oxide species) was not detected for any of
these spectra.

3.3. Thermal Analysis. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) of the as
synthesized Gd3+-TNT are performed to study the thermal
stability of the obtained nanotubes over a high range of
temperature with a heating rate of 10◦C/min in nitro-
gen atmosphere from room temperature to 800◦C. The
TGA/DSC data of 5% Gd3+-doped TNT are shown in
Figure 5. There are three weight loss peaks at 110, 180
and 300◦C, which is inconsistent with three peaks in DSC
spectrum of the doped-titanate nanotubes. The different
weight loss peaks corresponded to water of different states
in titanate nanotubes, including dissociated H2O molecular;
physisorbed H2O molecular; chemisorbed H2O molecular
and Ti–OH bonds within tubular structure [23]. No obvious
exothermal or endothermal peaks were observed over the
temperature range 300 to 600◦C, suggesting that the nan-
otubes have good thermal stability. The TGA/DSC data of the
other x% Gd3+-doped TNT (not shown here) are identical to
that of 5% Gd3+-TNT.

3.4. Magnetic Properties. Temperature dependence of the
magnetic susceptibility X of the paramagnetic materials
shows a Curie Weiss type behavior which can be expressed
as follows [26, 27]:

χM =Xdiam . +
CM

T − θP
, (1)

where χdiam is the diamagnetic susceptibility of the host
matrix, CM is the molar Curie constant, θP is the paramag-
netic Curie temperature, and T is the absolute temperature
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Table 1: Magnetic parameters of xGd-(100-x) H2Ti5O11 (x% Gd3+-TNTs) where (x = 2, 5, 7).

X (mole % Gd) θp, K, ± 0.04381 CM , emu/mol, ± 0.17645 χdia., ± 0.00463 J , x10−3 μeff., μB

2 -0.238 9.594 0.00054 24.86 6.19

5 -0.476 22.127 0.00467 21.53 6.16

7 -0.522 26.413 0.00026 19.77 5.49
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Figure 5: DSC and DTG data for the 5% Gd3+-TNT.

in kelvins. The dc magnetic susceptibility results for xGd3+-
(100-x)- H3Ti7O11, where x = 0, 2, 5 and 7 nanotube are
displayed in Figure 6(a) as a function of the temperature T .
It is clear from this figure that with the increase of Gd3+ ions
content, the magnetic susceptibility is increased. The pure
TiO2 shows the diamagnetic properties at the temperature
higher than 20 K while x Gd3+-(100-x)-H3Ti7O11 that is,
(x Gd3+-(100-x) TNTs) where (x = 2, 5 and 7) showed a
paramagnetic behavior. The data appear to follow a Curie–
Weiss type behavior over the most of temperature range.
All the measured curves are fitted according to the modified
Curie Weiss law in the temperature range 5–100 K with a
correlation coefficient around 0.9998. Values of the param-
agnetic Curie temperature θP , are determined for the investi-
gated samples and tabulated in Table 1. The magnitude of the
paramagnetic Curie temperature θP increases with increasing
the Gd3+ ions in the TNT matrix. Since the paramagnetic
Curie temperature θP , is a rough measure of the strength of
the interaction between the magnetic ions in the samples,
the higher value implies stronger interaction and/or more
ions participating in the interaction. The negative small value
for the paramagnetic Curie temperatures indicates that the
magnetic interaction is predominately antiferromagnetic in
Gd3+-doped TNT.

Figure 6(b) shows the magnetization versus the applied
field curves (M versus H) of 2% Gd3+-98 TNT (as a
representative example) at 10 K. The almost linear field
dependence of magnetization in this applied field range is
a common feature of the paramagnetic compounds. Their
fitting lines pass through the origin point indicating that
Gd3+-doped TNT is paramagnetic materials.

The experimental magnetic moment for the gadolinium
ions μGd3+ was calculated according to the following relation
[28]:

μGd+3

(
exp .

) = 2.827

√
CM
x

, (2)

where x represents the molar fraction of Gd3+ inside the
host matrix. The calculated values of the magnetic moment
are given in Table 1. It is clear that the values of μeff. is less

than the reported value of the atomic magnetic moment of
Gd+3 ions in free ion state: μGd3+ = 7.98 μB [29–31]. The
small negative values of θP , θP < −2 K suggest the presence
of weak antiferromagnetic interaction. The assumption of
the antiferromagnetic nature of the interaction between the
Gd+3 ions is also supported by the fact that the effective
magnetic moment per gadolinium ion, is less than the
magnetic moment of the free gadolinium ion μGd3+ .

Based on the experimental data, one can also determine
the molecular field constant J as follows [32]:

J =
∣
∣
∣
∣
θP
CM

∣
∣
∣
∣ =

2zJi j
N · g2 · μ2

B

, (3)

where N and Z are the total and exchange-coupled number
of magnetic ions, Ji j is the magnetic exchange integral, g
is their spectroscopic splitting factor and μB is the Bohr
magnetron. The calculated values of J = θP/CM from
the experimental data are given in Table 1. It is clear that
the molecular field theory is approximately constant with
increasing the Gd3+ ions content. This behavior assumes
that the ratio z/N is constant, the number of exchange-
coupled Gd3+ ions being proportional to the total number of
magnetic ions in the samples. The data above are consistent
with a random distribution of Gd3+ ions. The magnetic
properties of the materials are due to both isolated and
exchange-coupled Gd3+ ions, their relative number being
dependent on composition [30].

When a magnetic field is applied to a magnetic material,
its magnetic moments tend to align themselves in the
magnetic field direction and a more ordered state is achieved,
so the magnetic entropy of the system decreases. In an
isothermal process of magnetization, the magnetic entropy
change of the system due to the application of a magnetic
field, ΔSM , can be derived from Maxwell relations in [27, 33]:

ΔSM(T ,H) =
∫ Hmax

Hmin

(
∂M

∂T

)

H
· dH , (4)

where Hmin and Hmax represent the initial and final values of
the magnetic field. It seems clear that a high magneto-caloric
effect will be observed when the temperature dependence
of the magnetization (i.e., ∂M/∂T) is large. This occurs,
for example, at the Curie temperature for ferromagnetic-
paramagnetic transitions, at which the maximum absolute
value of the entropy change is expected, and at low tempera-
tures for paramagnetic materials. Measurements of magnetic
entropy variation when a fixed magnetic field change is
applied allow one to determine whether a magnetic material
may be considered to be a good magnetic refrigerant. Thus,
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Figure 6: (a) dc magnetic susceptibility versus temperature for x Gd3+-(100-x) TNT, where (x = 2, 5, 7); (b) The magnetization versus the
applied field curves (M versus H) of 2% Gd3+-98 TNT at 10 K (as a representative example); as well as (c) and (d) Temperature dependence
of the entropy change for different mole percent of Gd3+-TNT under an external magnetic field equal to 400 Oe.

for paramagnetic materials, the entropy change ΔSM will be
(5):

ΔSM = −CM2
(ΔH)2

(
T − θp

)2 , (5)

where on has CM in emu/mole, T and θ in K and ΔH in
Oe. Figures 6(c) and 6(d) show the temperature dependence

of the entropy change obtained for different mole percent
of Gd3+ inside the host matrix TNT. It is clear that the
entropy change decreases with increasing of the temperature
and increased with increasing of the mole percent of Gd3+

ions added to the host materials. This behavior is expected
for paramagnetic materials because their magnetization
increases quickly when the temperature decreases at a low
temperature range. Because of their paramagnetic behavior
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Figure 7: (a) Dark and Light IV curves of 5% Gd3+-TNT/PTEBS hybrid polymer solar cell; (b) IV curves of pure TiO2 and 5% Gd3+-TNT
hybrid solar cells.

at low temperatures, these materials have an entropy change
that increases its absolute value when the temperature
decreases. This implies the possibility of using these materials
as active magnetic refrigerants in a wide range of temperature
(5–100k).

3.5. Photovoltaic Efficiency of the Hybrid Polymer Solar Cells
Based on Gd3+-TNT. The hybrid polymer solar cells were
fabricated by spin coating of the 5% Gd3+-titanate nanotube
layer onto the conductive FTO-glass which is repeated
several times to obtain a thick film with approximately
8 μm. The titanate film was then sintered at 450◦C for 30
minutes. The PTEBS polymer is then drop cast on top
of the resulting nanotube layer. The photocurrent-voltage
IV characterization of the obtained device is shown in
Figure 7. Dark and light IV characteristics of the device
were tested under AM1.5 illumination with an intensity of
approximately 80 mW/cm2 through the FTO electrode as
shown in Figure 7(a). The PTEBS Gd3+-doped TNT hybrid
solar cell exhibits a short circuit current density (Jsc) of
84 μA/cm2, an open circuit voltage (Voc) of 0.66 V, and
a fill factor (FF) of 0.49, resulting in a power conversion
efficiency (η) of 0.034%. Comparing with the PTEBS pure
titania devices (η = 0.01%), a slightly higher photovoltaic
performance of Gd3+-TNT polymer solar cell was observed
as illustrated in Figure 7(b). This could be attributed to a
better polymer loading and light harvesting of the applied
titanate nanotube film.

These preliminary results demonstrate promising appli-
cation of gadolinium doped titanate nanotubes for efficient
hybrid polymer solar cells. Better alignment of the paramag-
netic Gd3+-TNT in polymer solar cell by applying external

magnetic field is expected to enhance electron transport
properties leading to more efficient light to electricity
conversion. Further studies in this direction are in progress.

4. Conclusions

The aim has been to identify promising design for the future
development of new multifunctional nanomaterials. We have
successfully synthesized Gd3+-TNT nanotubes through a
simple hydrothermal procedure, and comprehensively char-
acterized its properties. The structural and optical analyses
indicate that doping of the TNT by Gd3+ enhances its
thermal stability, hinders the growth of its crystallite size,
and increases its surface area. Doped materials exhibit visible
light absorption efficiency. Moreover, Gd3+-TNT samples
exhibit paramagnetic character and weak antiferromagnetic
interaction. Testing the prepared hybrid polymer solar cells
using doped 5% Gd3+-TNT showed an improvement of
light to electricity conversion efficiencies. There is still a
need to optimize their alignment by external magnetic field
manipulation to further improvement of the solar cells
efficiency to a profitable exploitation extent.
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