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A two-step method is presented for the synthesis of one dimensional lead titanate (PbTi3O;) nanotubes.
Firstly, titanate nanotubes were prepared by an alkaline hydrothermal process with TiO, nanopowder as
precursor, and then lead titanate nanotubes were formed through an ion-exchange reaction. We found
that sodium titanate nanotubes have ion exchangeability with lead ions, while protonated titanate nan-

otubes have not. For the first time, we distinguished the difference between sodium titanate nanotubes
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and protonated titanate nanotubes in the ion-exchange process, which reveals a layer space effect of nan-
otubes in the ion-exchange reaction. In comparison with sodium titanate, the synthesized lead titanate
nanotubes show a narrowed bandgap.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanate nanotubes have attracted considerable attention for
their potential applications in photocatalytic reaction [1-4],
lithium battery [5,6], adsorption [7-9], thermoelectric property
[10] and luminescence [11,12] because of their large specific sur-
face area and unique photoelectric properties. A simple and cost
effective hydrothermal method for the large scale production of
titanate nanotubular material was firstly reported by Kasuga et al.
[13]. Some investigations have been conducted on the phase and
morphology of titanate nanotubes [14-17]. Many research groups
[18-20] reported that protonated titanate nanotubes and sodium
titanate nanotubes can be synthesized with and without hydrogen
ion treatment. In addition, many groups have tried to analyze the
synthetic mechanism, and the sheet folding mechanism of sodium
titanate was often assumed [20-24].

Recently, many researchers studied the ion-exchange capacity
of titanate nanotubes. Sun and Li [25] studied the ion-exchangeable
behavior of titanium based nanotubes with transitional metal
ions, such as Cd%*, Zn%*, Co?*, Ni2*, Cu?* and Ag*, and found that
the absorption range of the nanotubes can be changed after ion-
exchange reaction. Nanostructured silver titanate was synthesized
through a silver ion-exchange treatment [26]. Ni-titanate nan-
otubes were synthesized from TiO, sol using alkali hydrothermal
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treatment followed by a simple ion-exchange process [27]. Jeong
et al. [28] demonstrated the ion-exchange reaction between Na*
ions and other metal ions. Du [29] et al. found that ion-exchange
feature and inner-sphere complexation of Na;Ti30; nanotubes
could be used for sequestration of cadmium ions. lon-exchange fea-
ture of titanate nanotubes was used for synthesis of cation titanate
nanotubes and sequestration of heavy metal ions. However, there
is no discussion about the ion exchangeability of sodium titanate
nanotubes and protonated titanate nanotubes, as well as their for-
mation mechanism.

Here, we firstly introduced the ion-exchange method to syn-
thesize lead titanate nanotubes. As far as we know, lead titanate
could be used in the field of piezoelectric sensor[30,31] and electro-
optic conversion [32,33]. In addition, lead titanate has shown the
desired potential for use in enhanced solar energy conversion. Kim
et al. [34] indicated that the hybridization of the occupied Pb 6s
and O 2p orbital would push up the valence band, compared to
undoped titanate. The ab initio DOS calculations of hybrid band
demonstrated that the top of the valence band for Pb2* ions mod-
ified titanate can be shifted to a higher energy level, resulting in
more light absorption [35].

In this paper, we converted the nano P25 TiO, particles
into sodium titanate nanotubes and protonated titanate nan-
otubes utilizing a Kasuga’s method. Subsequently, a series of
Pb2* ion-exchange reactions were performed to investigate the
exchangeable behavior of sodium titanate and protonated titanate
nanotubes. The as-synthesized lead titanate nanotubes were char-
acterized by X-ray diffraction, transmission electron microscopy
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Table 1
Nanotube precursors and Pb?* ions sources of samples.

Sample code Nanotube precursor Lead ions source

TNN TNT(Na) Pb(NO3), aqueous solution
TNA TNT(Na) Pb(Ac), aqueous solution
THN TNT(H) Pb(NOs3), aqueous solution
THA TNT(H) Pb(Ac), aqueous solution

and UV-vis diffuse reflectance spectroscopy. Furthermore, the
synthetic mechanism of Pb2* jon-exchangeable nanotubes was
investigated.

2. Experimental
2.1. Synthesis of lead titanate nanotubes

All reagents were commercial products and used without further purification. A
two-step process to synthesize lead titanate nanotubes was developed as following.
Firstly, titanate nanotubes were prepared by a hydrothermal method. Briefly, 1g
TiO, powder (Degussa Co., P25, 70% anatase and 30% rutile) was added into a Teflon
container with 52 ml of 10 M NaOH solution. The mixture was stirred for 3 h to forma
uniform milk-like suspension. Then, the Teflon container was placed into a stainless
steel autoclave and held at 150 °C for 24 h. After the temperature dropped to ambient
temperature, the white precipitates were rinsed with deionized water and absolute
ethanol, followed by centrifugation to remove excessive sodium ions and hydroxyl
ions. After drying at 80 °C for 6 h, sodium titanate nanotubes, named TNT(Na), were
obtained and subsequently were immersed in 250 ml 0.1 M HCl aqueous solution
for 3h to protonate the titanate nanotubes. The white precipitates were washed
with deionized water and absolute ethanol, followed by drying at 80°C for 6 h to
obtain the protonated titanate nanotubes, named TNT(H). No sodium impurity was
observed in the sample TNT(H) from energy dispersive X-ray spectra.

Secondly, 0.4 g TNT(Na) or TNT(H) was mixed with 0.25 mol/L Pb%* ions solution
at room temperature to exchange the sodium or hydrogen ions to lead ions in the
interlayer of the titanate nanotubes. The molar ratio between Pb and Ti is ca. 1:1.
Two kinds of lead ions containing solutions, Pb(NOs3 ), and Pb(Ac),, were chosen for
lead ion-exchange process. The mixtures were stirred vigorously for 1 h, followed
by sonication with an ultrasonic generator for 10 min, and then violently stirred
for additional 5 h. Finally, the products were collected, washed twice with deion-
ized water and absolute ethyl alcohol, and centrifuged. The obtained precipitates
were dried at 80 °C for 4 h. The ion-exchanged samples, synthesized from different
precursors [TNT(Na) and TNT(H)] and lead ions containing solutions [Pb(NOs), and
Pb(Ac) »] are listed in Table 1.

2.2. Characterization

The crystalline structure of the obtained materials was examined by powder
X-ray diffraction (XRD, D8 ADVANCE X-Ray diffractometer) using Cu Ka radiation
under 40 kV and 40 mA. The scanned range was 26 = 10-70° with a step of 0.05° and
0.5 s/step. The tubular morphologies of lead titanate samples were investigated by a
transmission electron microscope (TEM, JEM-1200 EX) using an accelerating voltage
of 200 kV. The microstructure of TNT(Na) and TNT(H) nanotubes was characterized
by a high resolution transmission electron microscope (HRTEM, Hitachi H-7000).
The diffuse reflectance UV-vis spectra were collected on a UV-2450 spectrometer
equipped with a diffuse reflectance accessory. A Zeta Potential Analyser (ZetaPlus,
Brookhaven Instruments) was employed for the zeta potential measurement, where
the suspension was in a plastic cuvette with path length of 10 mm. The surface charge
of nanotubes was averaged from 5 runs, and each run consisted of 3 cycles.

3. Results and discussion

3.1. Structural and microscopic characteristic of ion-exchanged
titanium based nanotubes

Two types of titanium based nanotubes (TNT(Na), TNT(H)) were
fabricated by the hydrothermal method. Fig. 1 shows the XRD pat-
terns of the as-prepared titanate nanotubes and ion-exchanged
lead titanate nanotubes. After hydrothermal treatment and wash-
ing with water, the precursor is transformed into sodium titanate
(Na,Ti307), as indicated by the XRD pattern in Fig. 1a. The strong
peak centered at 10.5°, which is attributed to the interlayer spac-
ing of layer nanotubes [36], is assigned to prominent peak (001)
of Na,Ti307 nanotubes [37]. The obvious diffraction at 20 =24.3°,
28.2° and 48.3° are the characteristic peaks of titanate nanotubes
Na,Ti3 07 [19,38-40]. After washed by hydrochloric acid, the inten-
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Fig. 1. XRD patterns of precursors and as-prepared ion-exchanged titanate nan-
otubes. (a) TNT(Na) and TNN (b) TNT(H) and THN.

sity of the peak at 28.2° decreased while the value of the peak
at 24.3° increased, which indicates that the crystal structure has
changed. This shift can be probably attributed to the decrease in
the Na:H ratio of titanium based nanotubes, which is caused by the
replacement of Na* with H* during acid washing. The monoclinic
titanate H,Ti3O- was indicated as the phase of protonated titanate
nanotubes [19,41-43].

After ion-exchange reaction with Pb2* ions solution, the XRD
pattern of THN showed the similar spectral pattern as TNT(H), as
shown in Fig. 1b. However, in Fig. 1a, there is a distinct change in
the relative intensity of peak 24° and 28° between the sample TNN
and TNT(Na). This change indicated that the exchange between lead
ions and sodium ions may have happened.

To further investigate the ion-exchange behavior between lead
ions and sodium ions/hydrogen ions, the samples were calcinated
at 600 °C for 3 h in air and were then studied by XRD. The XRD pat-
terns (Fig. 2a) show that the phase of TNN samples differs from that
of the precursor TNT(Na). After heat treatment, TNT(Na) was iden-
tified as Nag»3TiO, (JCPDS No. 22-1404). All peaks of TNN could be
indexed as PbTi3O; phase (JCPDS No. 70-1016) and no other phase
was detected, which proves the presence of Pb in the calcinated
samples. This result also confirms that Na* ions can be exchanged
by PbZ* ions totally. However, TiO, phase was found in the heated
samples of TNT(H) precursor and its ion-exchanged product THN
(Fig. 2b), while no Pb-containing species were detected in the
XRD pattern. In summary, these results indicate that the precursor
TNT(Na) can be ion-exchanged with Pb2* jons in Pb(NO3), aque-
ous solution, but the precursor TNT(H) does not possess the ion
exchangeability with Pb%* ions.



L. Song et al. / Journal of Alloys and Compounds 509 (2011) 6061-6066 6063

Intensity/a.u.

2Theta/Deg.

=
o

Intensity/a.u.

TNT(H)

10 20 30 40 50 60 70
2Theta/Deg.

Fig. 2. XRD patterns of precursors and lead ion-exchanged nanotubes after heat
treatment at 600 °C. (a) TNT(Na) and TNN and (b) TNT(H) and THN.

Fig. 3 shows the typical TEM images of lead ion-exchanged nan-
otubes, which demonstrates the similar microstructure of titanium
based nanotubes with an outer tube diameter of 8-12 nm, inner
diameter of 3-5nm and length ranged from 50nm to 150 nm.
Photo-generated charge carries can be quickly transferred to the
surface of nanotubes, because walls of these nanotubes are rather
thin. The large specific surface area of nanotubes also provides more
effective reaction sites for photocatalysis.

To investigate the ion-exchange behavior of nanotubes with dif-
ferent lead ions containing solutions, lead acetate solution was
adopted as an alternative soluble salt to provide lead ions. The
TNT(Na) and TNT(H) samples were reacted with lead acetate
solution under the same condition as lead nitrate solution. The as-
prepared samples TNA were investigated by XRD before and after
heat treatment at 600°C, and the results are illustrated in Fig. 4,
which shows that the Na,Ti30; nanotubes have been transformed
into PbTiz 07 nanotubes after ion-exchange process with Pb%* ions.
However, the phase of THA sample is still anatase after heat treat-
ment at 600°C, similar to THN. These results indicate that the
as-prepared sodium titanate nanotubes have ion exchangeability
with Pb2* ions, but protonated titanate nanotubes have not.

3.2. UV-vis diffuse reflectance spectra and bandgap energy
determination of ion-exchanged titanium based nanotubes

Diffuse reflection spectra of different samples were investi-
gated by the UV-2450 diffuse reflectance spectrometer, as shown in

Fig. 3. TEM images of samples synthesized by different precursors. (a) TNN and (b)
THN.

Figs. 5 and 6. As can be seen, the absorption edges of TNT(H),
THN and THA samples are similar. However, the absorption curves
of TNN and TNA samples show obvious red shift relative to that
of TNT(Na), which indicates the energy band structure has been
changed after ion-exchange process. It is well known that the
conduction and valence band of TiO, mainly consist of Ti 3d
and O 2p, respectively. The Pb 6s electronic orbit does not con-
tribute to the conduction band, but only to the valence band
[34,35]. Therefore, the valence band in lead titanate nanotubes
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Fig.4. XRD patterns of TNA after heat treatment at 600 °C for 3 h and the one before
heat treatment (inset). The vertical bar below the patterns represents the standard
diffraction data from JCPDS file for PbTi30; (No. 70-1016).
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Fig. 5. Diffusion reflectance UV-vis spectra of TNT(Na), TNN and TNA.

consists of the O 2p and Pb 6s hybrid orbital and the top of the
valence band is shifted to the high energy side. This decrease in
bandgap energy is consistent with the results in Fig. 5.

In order to quantify the effect of lead ions modification on the
bandgap of titanate nanotubes, we analyzed the bandgap energy
from the diffuse spectra based on Kubelka-Munk theory. According
to the hypothesis of plural scattering, a diffuse reflection spectrum
could be transformed into a plot of the square root of F(R)hv versus
the energy of irradiation. The Kubelka-Munk function [44] is shown
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Fig. 6. Diffusion reflectance UV-vis spectra of TNT(H), THN and THA.

asin Eq. (1):

(1-Ry
F(R)= = ()
Here, R is the measured reflectance (R =Rsampie/Rreference)- The use
of F(R) as the equivalent of absorbance relies on the assump-
tion that the scattering coefficients were consistent throughout
the compared samples [45]. From Yeong Kim’s results, the optical
absorption behavior of lamellar titanate is consistent with a indi-
rect gap semiconductor [46]. So, the bandgap can be estimated form
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L. Song et al. / Journal of Alloys and Compounds 509 (2011) 6061-6066 6065

Fig. 8. The high resolution TEM images of titanium based nanotubes. (a) TNT(Na)
and (b) TNT(H).

plots of the square root of F(R)hv versus photon energy (as shown
in Eq. (2)). Here, hv is the photon energy, and Eg is bandgap energy
of the semiconductor. Fig. 7 shows the estimated bandgaps of all
these materials:

F(R)hv = c(hv — Eg) (2)

The energy bandgap of titanium based nanotubes is 3.70 eV esti-
mated from the tangent line in the plot of the square root of
Kubelka-Munk functions F(R)hv against photon energy hv, as
shown in Fig. 7a. It was observed that the bandgap of TNT(H)
is smaller than that of TNT(Na) because of the ions exchange
between sodium ions and hydrogen ions. The bandgaps of lead ion-
exchanged TNN and TNA (Fig. 7c and e) are 3.30eV and 3.12eV
lower than that of its precursor TNT(Na). However the bandgaps of
THN and THA (Fig. 7d and f) are almost the same as THT(H). Since
XRD analysis indicated that THT(H) has poor ion exchangeability, it
is not surprising that the bandgaps of THN and THA did not change
much as compared to that of its precursor THT(H).

3.3. Mechanism of ion-exchange reaction

So far, both XRD and bandgap analysis results indicate that
TNT(Na) can be ion-exchanged by Pb2* ions, but TNT(H) cannot. To
investigate the mechanism of the ion-exchange process, HRTEM
images were taken as shown in Fig. 8. From the high resolu-
tion images, layered microstructure can be obviously observed in
TNT(Na) and two sets of lattice fringes are clearly indicated. Based
on FFT (Fast Fourier Transform) calculation, the interplanar spac-
ing of TNT(Na) was estimated to be ca. 0.3501 nm, corresponding
to crystal plane (101) in anatase phase. The interlayer spacing of
TNT(Na) was calculated to be ca. 0.6948 nm. The wall thickness of
TNT(Na) is asymmetric, having three layers on one side and five lay-

ers on the other. This indicates that the nanotubes may be formed
by scrolling conjoined multilayer nanosheets. The vacant space
between layers provides reactive opportunity for lead ions. The
results of ion-exchange experiments demonstrate that lead ions
can be ion-exchanged with TNT(Na) freely. The reaction between
TNT(Na) and different lead ions containing solution is shown as in
Eq. (3):

Na,Tiz07 nanotube + Pb?t — PbTi30; nanotube + 2Nat (3)

Meanwhile, we examined the microstructure of TNT(H). The fine
fringe perpendicular to TNT(H) nanotube orientation is estimated
to be ca. 0.3575nm. However, the protonated TNT(H) does not
show the lamellar structure, which is probably due to the important
role of sodium ions in supporting layer structure. In other words,
when the smaller ions H* (ionic radius 0.0012 nm) replace the Na*
ions (ionic radius 0.102 nm) and fill in the interval of two layers,
the layers collapse down. Therefore, the precursor TNT(H) does
not possess ion exchangeability, because the non-layered structure
of TNT(H) nanotubes inhibits the ion-exchange reaction between
hydrogen ions and lead ions.

In addition, the ionic radius of Pb2* ion is about 0.119 nm, similar
to that of sodium ion. Therefore, according to the space effect of lay-
ers in nanotubes, TNT(Na) can be ion-exchanged with Pb%*, while
TNT(H) cannot. It has been proved by XRD patterns and bandgap
analysis. The bandgap of THA and THN which is similar to the pre-
cursor TNT(H)'s bandgap indicates that there is no ion-exchange
reaction between Pb%* and H,TizO7 nanotubes.

It is noteworthy that although TNT(H) does not posses ion
exchangeability with Pb2* ions, it is possible that Pb2* ions can be
adsorbed on the surface of TNT(H). According zeta potential analy-
sis TNT(H) in aqueous media are known to develop a zeta potential,
which is measured negative (ca. —31.06 +4.27 mV). However, zeta
potential of TNT(Na) is around zero (ca. —0.08 £+ 2.96 mV). Both pH
values of measured suspension are 7.0. Therefore, although H* can-
not be exchanged by Pb%* ions, the Pb2* cations can be adsorbed
onto the H;Ti3O; nanotubes surface based on the electrostatic
interactions between nanotubes suspended in aqueous solution
and lead ions. Some literatures [36,47,48] have demonstrated the
protonated titanate nanotubes can carry stronger negative sur-
face charges and thus offer electrostatic binding sites for cations.
This behavior of protonated titanate nanotubes dissociation can be
expressed by Eq. (4):

H,Ti307 < Ht +HTi307~ (4)

Therefore, a small amount of Pb2* ions can be adsorbed onto the sur-
face of protonated titanate nanotubes. The surface adsorbed Pb%*
ions cannot be detected by XRD and does not change the range of
light absorption either.

4. Conclusions

One dimensional titanium based nanotubes TNT(Na) and
TNT(H) were prepared by the hydrothermal method, and then
lead titanate nanotubes were synthesized by ion-exchange reac-
tion between Pb2?* ions and Na+ ions. However, no effective
ion-exchange reaction happens between Pb%* ions and H* ions
in TNT(H). This distinct difference can be explained by the layer
space effect in nanotubes, namely, the interlayer of TNT(Na) pro-
vides enough space for ion-exchange reaction between sodium ions
and lead ions, while the non-layered structure of TNT(H) prohibits
the reaction. For the first time, we distinguished the difference in
ion exchangeability between sodium titanate nanotubes and pro-
tonated titanate nanotubes. The DRS analysis of the samples reveals
that the exchanged lead ions effectively narrow the bandgap of the
nanotubes. However, Pb%* ions adsorbed on the surface of titanate
nanotubes do not change their bandgap.
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