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Synthesis and Characterization of Ion-Exchangeable Titanate Nanotubes

Xiaoming Sun and Yadong Li*!*!

Abstract: Titanate nanotubes were syn-
thesized under hydrothermal conditions.
The optimized synthesis (100-180°C,
longer than 48 h), thermal and hydro-
thermal stability, ion exchangeability
and consequent magnetic and optical
properties of the titanate nanotubes
were systematically studied in this pa-
per. First, nanotubes with monodisperse
pore-size distribution were prepared.
The formation mechanism of the tita-
nate nanotubes was also studied. Sec-

stability were characterized with X-ray
diffraction (XRD), high-resolution
transmission  electron  microscopy
(HRTEM), Fourier transform infrared
(FTIR), and Raman spectroscopy. Re-
sults showed that sodium ions played a
significant role in the stability of the
frameworks. Third, the selective ion
exchangeability was demonstrated with
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a series of ions. The ion substitution also
enlarged the BET surface area of the
titanate nanotubes to 240 m?>g~!. Com-
bination of these two features implied
that these nanotubes might be function-
alized by substitution of different transi-
tional-metal ions and consequently used
for selective catalysis. Magnetism, pho-
toluminescence, and UV/Vis spectra of
the substituted titanate nanotubes re-
vealed that the magnetic and optical
properties of the nanotubes were mod-

ond, the thermal and hydrothermal

Introduction

Mesoporous molecular sieves (silical'l or non-silica?) with
well-defined pore diameters of 2—50 nm (e.g. hexagonally
ordered MCM-41), high surface area, and tunable pore size
have shown great potential as versatile catalysts and catalysts
supports. However, the relatively low thermal stability of the
mesoporous materials limits their applications, since the
properties of these materials such as catalytic durability and
shape selectivity are ultimately dependent on the thermal and
hydrothermal stability of these materials.['> 2 3]

Crystalline nanotubes with uniform diameters and nano-
porous structures would be ideal substitutes for such materi-
als. Carbon nanotubes (CNT) have been extensively studied
since their discovery in 1991, and considering their molec-
ular size and unusual mechanical and electrical properties, are
considered the base of future electronics.”’! The large-scale
synthesisl® and functionalization of these tubular structures
by doping, decoration, and encapsulation to expand their
application field have been explored over the last few years.
Nevertheless, both theoretical and experimental results show
that their properties significantly depend on their diameter,
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ifiable.

thickness, helicity, and defect concentration.” 7l The uncon-
trollability of helicity and the high synthetic cost, especially
for high-purity samples, greatly limit the utilization of CNTs.
At the same time, their hydrophobicity limits their applica-
tions in biochemistry, aqueous chemistry, and catalysis.[®]

A rational idea inspired by CNTs is that since graphite
sheets can roll up into tubes, other inorganic materials with
similarly layered structures might also function in this way. It
is reasonable since the layers, held together mainly by weak
van der Waals’ forces, would lower the energy gap and rigidity
by adopting a tubular morphology. Quite a few non-carbon
nanotubes such as B.C,N,PIMS, (M =Mo, W, Nb, Ta, etc.),"!
NiCL "l vanadium oxide,'”? InS, and Bil"¥l have been
synthesized under favorable conditions. Theoretical studies
also confirmed this point of view.['%]

Unlike the layered compounds mentioned above, many
important metal oxides such as TiO,, MnO,, ZrO,, Nb,Os do
not exhibit layered structures, since the strong ionic inter-
actions keep the metal cations and oxygen anions together.
Nanotubes from these nonlayer-structure materials generally
require templates (e.g. carbon nanotubel'®l or anodic alumina
oxidel'") to give spatial confinement, with the walls generally
amorphous or semicrystalline. However, TiO, nanotubes were
claimed by several groups as counter examples, where no
layered structures existed.!'®! Since titanium is widely used
because of its catalytic activity, whether in the form of
TiO,™or as photo-excitable moieties in zeolite frame-
works,? the titania nanotubes attracted wide attention as
soon as it was discovered. Si-substituted nanotubes were also
reported and the catalytic properties were characterized.?!]
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However, doubts exist concerning the formation and
construction of these nanotubes. In the reports,'® 2!l the so-
called titania nanotubes were obtained by alkaline hydro-
thermal treatment of titania or mixtures of TiO,/SiO,,
followed by washing with water and a 0.1m HCI aqueous
solution. TEM observations indicated the existence of layered
structures, but no reported phase of titania had layered
structures similar to the titanates and hydrous titanates.[*!
Selected-area electron diffraction (SAED) patterns were
presented as evidence to demonstrate that the crystal
structure of the nanotubes could be indexed to anatase.['s
It was not possible to repeat this,?! and elemental analysis
indicated a variety of atomic ratios of Ti/O. Furthermore,
XRD, a general strategy to characterize crystal structural
features, was not used in the original study. Some results
reported on the so-called TiO, nanotubes were hard to
understand. For instance, the amount of water existing in
products was 20 times larger than that of the starting
materials, and H,Ti;O;-0.5H,0 could dehydrate to TiO, (B)
in a water washing process, with former dehydration processes
realized at temperature as high as 500 °C.>a

The doubts were first raised by us about two years ago,?!!
following experimental evidence presented by Peng et al.[?’!
In this paper, the structural stability, ion exchangeability and
consequent properties of titanate nanotubes were systemati-
cally studied. First, we optimized the synthetic procedure, and
a direct hydrothermal hydrolysis from anatase TiO, to large
quantities of pure multiwall crystal titanate nanotubes (with
almost uniform inner diameters of 5 nm, outer diameters of
10 nm and lengths of about 300 nm), was realized at 100°C—
180°C in 5-10m NaOH solution. In this process we found
that dispersion in alcohol affected the morphology and
agglomeration of the final products. Monodisperse nanotubes
were obtained by using the improved method. Second,
energy-dispersive X-ray analysis (EDXA) of the different
tubular samples demonstrated the presence of sodium ions,
and the determination of the thermal stability revealed the
stabilization effect of sodium ions on the tubular framework
structure. The frameworks were maintained even after
thermal treatment at 550 °C for 5—10 h. Third, ion exchange-
ability and hydrothermal stability of the nanotubes were
demonstrated by hydrothermal substitution of transition-
metal ions such as Co?*, Ni?*, Cu?*, Zn?**, Cd**, and Ag*. The
substituted nanotubes were well characterized with powder
X-ray diffraction (XRD), transmission electron microscopy
(TEM), selected-area electron diffraction (SAED), and
EDXA. Magnetism measurements, photoluminescence, and
UV/Vis spectra of the substituted titanate nanotubes revealed
that the magnetic and optical properties of the nanotubes
were modifiable by introducing different transition-metal
ions.

Experimental Section

Synthesis of titanate nanotubes: The method employed for the synthesis of
titanate nanotubes was essentially the same as described in reference [1b].
All chemicals used in this work were A.R. reagents from the Beijing
Chemical Factory, except where otherwise indicated. In a typical synthesis,
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titania powder (0.5 g, about 5 nm in size, prepared by using a published
method®l) and an aqueous solution of NaOH (10w, 40 ml) were placed
into a Teflon-lined autoclave. The mixture was stirred to form a milklike
suspension, sealed and hydrothermally treated at 100—180°C for more
than two days. The precipitate was separated by filtration and washed with
deionized water until a pH value near 8 was reached. The precipitate was
then ground in alcohol followed by ultrasonic-assisted dispersion. After a
second filtration and alcohol washing step, the sample was oven-dried at
80°C for more than 4 h.

By optimizing the concentration of NaOH and the time of hydrothermal
treatment, pure nanotubes could be produced by using different particle
size (from several nanometers to several hundreds of micrometers) of the
starting anatase TiO, powder.

Determination of the thermal and hydrothermal stability: The determi-
nation of the thermal stability of the products was carried out in a
conventional tube furnace. The as-prepared titanate nanotubes were placed
in a quartz boat, which was placed in the hot zone inside the quartz tube
and heated to 550°C in 2 h at a constant rate. The temperature was kept
constant for periods from 20 min to 10 h before cooled to room temper-
ature. All the heating processes were carried out in air.

The hydrothermal stability was determined in a Teflon-lined autoclave. The
titanate nanotubes and deionized water was put directly into the autoclave
and pH value was adjusted by adding HCl or ammonia solution. The
autoclave was then sealed and hydrothermally treated at 100°C for 5-10 h.

Ion-exchange reaction: Ion-exchange reactions were carried out in aqueous
ammonia solution with Cd**, Zn?*, Co?*, Ni**, Cu?**, and Ag* respectively,
because of the stability of titanate nanotubes in basic solution and the
stabilization of these substituting ions by complexation with ammonia. In a
typical process, excess amount of salts of the corresponding ions were
dissolved in water followed by adding analytical ammonia solution drop by
drop to form clear solutions. The titanate nanotubes were then dispersed in
the respective solutions and stirred for 10-20h or irradiated in an
ultrasonic generator for 100 min for sufficient dispersion and diffusion.
Products were carefully washed with dilute ammonia and deionized water
several times to avoid physical adsorption of the substituting ions on the
surface of the titanate nanotubes.

Characterization of samples: Powder XRD was performed on a Bruker D8
Advance X-ray diffractometer with monochromatized Cug, radiation (1 =
1.5418 A). The size and morphology of titanate nanotubes were measured
by using a Hitachi H-800 transmission electron microscope (200 kV). The
layered structure of the nanotubes was revealed by high-resolution
transmission electron microscopy (HRTEM, JEOL JEM-2010F trans-
mission electron microscope, 200 kV). Raman (Renishaw RM1000 Raman
spectrometer, excitation wavelength 514 nm) and Fourier transform infra-
red spectra (Perkin-Elmer Spectrum GX) were used to characterize the
structure of samples. The chemical compositions of the samples were
determined with EDXA, X-ray photoelectron spectroscopy (PHI 5500ES-
CA system, Alg, X-ray source), and thermogravimetric analysis (TGA)/
differential thermogravimetry (DGT) (TA instruments, TGA2050). A
Mettler-Toledo DSC821e differential scanning calorimeter (DSC) was used
to examine phase behavior of samples at a constant heating rate of
10°Cmin~". The temperature-dependent molar magnetic-susceptibility
data for Co-substituted nanotubes were obtained in the temperature range
4-300 K at 5000 G on a SQUID magnetometer. The optical properties of
samples were characterized by photoluminescence (Perkin Elmer LS50B
Luminescence Spectrometer operated at room temperature) and UV/Vis
diffuse-reflectance spectroscopy (Shimadzu UV-2100S spectrophotome-
ter).

Results and Discussion

The quality of these synthesized titanate nanotubes was of
great significance for the determination of the ion-exchange-
ability and thermal stability. We carefully studied the syn-
thesis process, and confirmed the point of view of Kasuga et
al. that the washing process was the key to obtaining the
tubular structure.['8"]
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In earlier reports on titanate nanotubes, the washing
process merely involved washing with water. In our case,
acetone and alcohol were used to disperse the white
precipitate, taken from the NaOH solution, directly without
washing with water, and typical TEM images are shown in
Figure 1a and Figure 1b, respectively. Samples dispersed in
alcohol yielded mainly monodisperse nanotubes, while sam-
ples dispersed in acetone afforded mainly vesicles. These
vesicles shrank under irradiation with an electron beam, and
were finally changed to aggregate-like depositions. A few

i ey W AT
Figure 1. TEM images of the crude white precipitation taken from the 10m

NaOH solution and dispersed in a) acetone, and b) alcohol. In the latter
image, monodispersed nanotubes are shown clearly.
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nanotubes were found with the vesicles, but these might exist
due to residual water. This result implied that alcohol was a
good dispersant and aided the formation of titanate nano-
tubes. Alternatively, if we washed the white precipitate with
water, followed by dispersion in acetone or alcohol, nano-
tubes of similar morphology were found in both cases. These
results demonstrated that the nanotubes were formed in the
washing and dispersing process, and once formed, remain
stable.

We also demonstrated that the use of alcohol enabled the
formation of aggregation-free nanotubes. This was evidenced
by the pore-size distribution obtained from the Barrett—
Joyner—Halenda (BJH) deposition curve, which showed that
the merely water-washed nanotubes exhibit two peaks (Fig-
ure 2a). The peak positioned at 3.7 nm is considered to
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Figure 2. The pore-size distribution obtained from the BJH deposition

curve of titanate nanotubes obtained for samples a) washed with water, and

b) dispersed with alcohol following the washing with water.

correspond to the inner diameter of nanotubes, while the
other broad peak positioned in the range of 8 to 20 nm is
probably caused by the aggregation of nanotubes. However,
when these nanotubes were ground in alcohol, then dispersed
in a large amount of alcohol by using ultrasonic irradiation,
and subsequently oven-dried, the nanotubes exhibited a pore-
size distribution centered at 3.7 nm, with no other peaks in the
range from 2 to 100 nm (Figure 2b). The pore-size distribu-
tion, unlike the TEM observations, was obtained from the
statistical information of a large number of nanotubes, thus
the disappearance of the second peak in Figure 2b implied the
separation of most nanotubes from one another.

We also compared the sample obtained by washing with
water only and that obtained after subsequent washing with
acid. Results showed that the residual sodium ions in the
titanate nanotubes played an important role. It was difficult to
remove the sodium completely, even after the sample had
been washed for three days and when the final pH value of the
suspension of titanate nanotubes reduced from 11 to 8. As
dilute acid was added to adjust the pH value to 7, some sheets
were observed (Figure 3). It was found that when a sample
was washed with dilute acid, the sodium ions were substituted
by protons and consequently reduced the static electronic
interactions between the titanate sheets.
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Figure 3. The sheets formed in the suspension of titanate nanotubes as
dilute acid was added to adjust the pH value of the suspension to 7.

The resulting changes were revealed by TGA and XRD
studies. The TGA plots corresponding to different washing
times and consequently different final pH values, 8 (Fig-
ure 4a) and 11 (Figure 4b), indicated that a lower pH value
resulted in a greater weight loss. This is reasonable since more
protons replace sodium ions at lower pH, which then
evaporated at high temperature.
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Figure 4. TGA plots of different titanate nanotubes, a) titanate nanotubes
washed with water until pH =11, oven-dried; b) titanate nanotubes washed
with water until pH =8, oven-dried; c) titanate nanotubes heated at 550 °C
for 1 h and then exposed to air for 1 h.

The XRD pattern of nanotubes obtained after washing with
water only (Figure 5a) could be indexed to H,Ti;O; according
to current structural investigations.?! We prefer to consider it
as a kind of titanate nanotube that might be described as
Na,H,_,Ti;O; (x ~0.75) according to our EDXA studies and
the determination of the thermal and hydrothermal stability.

The nanotubes obtained revealed quite good thermal
stability, which was illustrated by comparison between the
XRD patterns of the crude titanate nanotubes (Figure 5a) and
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Figure 5. XRD patterns of the titanate nanotubes and their derivatives
after calcination at different temperatures: a) the crude titanate nanotubes
synthesized by hydrothermal methods at 140°C for two days; b) the
titanate nanotubes after calcination at 550 °C (the pattern is very similar to
that in a), indicating the maintenance of crystal structure); c) the sodium
titanate nanotubes calcinated at 600°C, which could be indexed to
Na,TiyO,y (marked with '’), indicating the degradation of nanotube
structure; d) the sodium titanate nanotubes calcinated at 850 °C, in which
a mixture of Na,TisO; and anatase TiO, was observed and marked with
'O’(Na,TizO,;) and 'A’(anatase), respectively.

those of the samples after calcination at 550 °C (Figure 5b) for
5h. The essentially identical patterns indicated the main-
tenance of the crystal structure of the titanate framework,
without degradation, at 550 °C. However, when the nanotubes
were calcined at 600°C for 20 min, a new phase of titanate,
Na,TiyOyy formed (Figure 5c), which was consistent with the
atomic ratio of Na/Ti of Na,H, ,Ti;O, (x = 0.75) given above.
When the nanotubes were calcined to 850°C, Na,TiyOq9
transformed to a mixture of Na,Ti,O;; and TiO, (Figure 5d).

Washing with acid also had a notable effect on the thermal
stability. In the XRD patterns of titanate nanotubes obtained
after stirring in 0.1M nitric acid for 2 h (Figure 6b), reflections
at 10° and 28° were significantly weakened, indicating
structural change. When the sample obtained after washing

Intensity (a.u.)

248

Figure 6. XRD patterns of starting titanate nanotubes and acid-washed
samples: a) XRD pattern of starting titanate nanotubes; b) XRD pattern of
titanate nanotubes after stirring in 0.1M HNO; for 2 h; ¢) XRD pattern of
titanate nanotubes after thermal treatment at 500°C for 1h following
stirring in 0.1M HNO; for 2 h; d) XRD pattern of titanate nanotubes after
hydrothermal treatment in 0.Im HNO; at 100°C for 7h, which have
transformed completely to anatase.
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with acid was thermally treated at 500°C for only 1h, the
sample was completely transformed to titania (anatase phase)
according to its XRD pattern (Figure 6¢). This implied that
the thermal stability of nanotubes was strongly dependent on
the presence of sodium ions, which was highly surprising.

The determination of the hydrothermal stability further
demonstrated the important role of sodium ions. When a
sample was hydrothermally treated in dilute nitric acid (pH 2)
at 100°C for 7 h, titania powder (anatase) was formed, as
evidenced by the XRD reflections (Figure 6d). The frame-
work of the tubular structure was still retained in ammonia
solution, even after hydrothermal treatment in ammonia
solution (5molL™!) at 120°C for 10h (according to the
characterization by XRD and the subsequent TEM image).

The thermal stability is of great significance for nanoporous
materials,’) and the results mentioned above indicate that the
phase conversation took place in the temperature range
between 550 and 600°C. Here, the conversion temperature
was found to be 565°C according to an endothermic peak
(marked with an arrow) in the DSC plot (Figure 7). The first
endothermic peak in Figure 7 was attributed to dehydration of
the sample.

18 4 565°C \

exp—-endo

T T v T M T T 1
100 200 200 400 500 €00
temperature (°C)
Figure 7. The DSC plot of the titanate nanotubes.

The morphological evolution under thermal treatment was
also studied by TEM. High-resolution TEM images (Fig-
ure 8a) indicated that the starting nanotubes were multi-
layered nanotubes with an interlayer distance of 0.8 nm.
Notably, this value is smaller than the value of 0.9 nm
calculated from the reflection at 260 =10° in the XRD patterns
of the starting nanotubes (Figure 5a), but is consistent with
the value obtained after dehydration at 550 °C (Figure 5b), for
which the diffraction maximum had moved to 260 =11° (d=
0.8 nm). The selected-area electron diffraction (SAED)
patterns (inset in Figure 8a) recorded on an individual
nanotube showed reflections characteristic of a tubular
structure. Two spots at the edge of the zero spot were
consistent with the layered structure of nanotubes. Diffraction
spots are elongated in the direction perpendicular to the tube
axis.

Chem. Eur. J. 2003, 9,2229-2238 ~ www.chemeurj.org
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treatment: a) A HRTEM image of starting titanate nanotubes, inset shows
the SAED patterns recorded on an individual nanotube ; b) HRTEM image
of sample thermally treated at 550 °C, inset shows a cross-section view of an
individual nanotube; ¢) HRTEM images of a sample thermally treated at

600 °C, where Na,Tiy,O,y nanowires were formed.
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The reduction in the d value might be explained by the
dehydration of the sample caused by focusing the electron
beam on the sample under high vacuum, which is comparable
to heating the sample to 550°C. The HRTEM image (Figure 8
b) of a 550°C thermally treated sample confirmed our
proposal, where the found d value was also 0.8 nm. The
cross-section view of an individual tube was recorded (the
inset in Figure 8b) with which both the tubular structure and
the interlayer distance of 0.8 nm were further confirmed. A
HRTEM image of a sample obtained after thermal treatment
at 600°C for 20 min (Figure 8c) clearly showed the formation
of fibrous Na,Ti,O;y and the disappearance of the tubular
structure.

The structural evolution under thermal treatment was also
characterized by Raman spectroscopy. The Raman spectrum
of titanate nanotubes (Figure 9a) obtained after hydrother-
mal treatment and washing with alcohol was essentially the
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Figure 9. Raman spectra of samples before and after thermal treatment:
a) sample obtained after water washing without heating; b) sample after
thermal treatment at 550°C for 1 h; c¢) sample after thermal treatment at
600°C for 1 h.

same as that reported by Kasuga et al.,l'*®] and similar to the
spectrum of water-treated Cs,Ti,05.?1 The peak at about
905cm~! was attributed to a four-coordinate Ti—O stretching
vibration involving nonbridging oxygen atoms that are
coordinated with Na ions . The peak at 280 cm~' was
reported for a Na,O -2 TiO, glass.?l After thermal treatment
at 550°C (Figure 9b), no obvious difference was found since
phase transformation did not take place. In Figure 9¢, which
was recorded on a sample thermally treated at 600°C,
emergence of a peak at about 213 cm™' and the shift of the
peaks near 680 cm~! to lower wavenumber indicated the
formation of a new phase. The similarity of these three curves
is a reflection of the similarity of the framework and
coordination states of the local structures of the sodium
titanates.

EDXA (Figure 10) studies performed on individual nano-
tubes exhibited the existence of Na and Ti with a molar ratio
close to 1:4. This was consistent with Na,Ti;O,y, when the
sample was heated to 600 °C, in which the ratio of Na to Ti was
also near to 1:4. This result implied that the molar ratio of Na
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Figure 10. EDXA spectrum recorded on individual nanotubes, which
exhibits the presence of Na and Ti with a molar ratio close to 1:4
(19.8:80.2).

and Ti of 1:4 might be favorable for the formation and
maintenance of titanate nanotubes.

FTIR was also used to characterize the titanate nanotubes,
and demonstrated the existence of large amounts of water and
hydroxy groups because of the existence of a binding
vibration of H-O-H at 1630 cm~!, and a strong stretching
vibration of O—H at 3400 cm~.['®"] Notably, nanotubes oven-
dried at 100°C for 4 h (Figure 11a) or thermally treated at
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Figure 11. FTIR spectra of different titanate nanotubes: a) titanate nano-
tubes oven-dried at 80°C for 4 h and then exposed to air for 1 h; b) titanate
nanotubes thermally treated at 550°C, and then exposed to air for 1 h.

550°C for 20 min (Figure 11b) exhibited essentially the same
IR spectra after being exposed to air for more than 1 h. Both
IR spectra were similar to that of previously reported acid-
exchanged products of titanates.’!Y The existence of water
and hydroxy groups in the sample after thermal treatment at
550°C was attributed to re-adsorption of water from the
atmosphere. The amount of adsorbed water in the thermally
treated samples was quantified by TGA (Figure 4c). The total
weight loss of about 8% for the sample thermally treated at
550°C was attributed to dehydration of reabsorbed water. The
hydroxylating tendency of titanate is similar to that of
titania,” which provides a possibility to construct a humid-
ity-sensitive detectorB!! through a combination of this prop-
erty and the semiconductivity of the titanate.

The introduction of transition metals or noble metals into
the porous structures of nanoporous materials has been

www.chemeurj.org Chem. Eur. J. 2003, 9, 2229 -2238
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extensively explored and demonstrated to be effective for
promoting the selectivity and activity of the materials.*? In
the case of titanate nanotubes, ion exchange was shown to be
achieved by simply stirring the nanotubes in solutions of the
corresponding cationic ions. The large specific surface area
and strong hydrophilic tendency might further facilitate the
ion-exchange process.

As the nanotubes were stirred in the aqueous ammonium
solutions of the ions under investigation, these transition-
metal ions replaced the sodium ions. It should be noted that,
at the same time, proton ions might also be substituted, and
ammonia ions might also take part in the substitution. Their
presence was proved by our experimental results.

XRD reflections of the transition-metal-ion-substituted
nanotubes (Figure 12) were essentially the same as the
starting material, implying the maintenance of the framework
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Figure 12. XRD patterns of the transition-metal-substituted titanate
nanotubes (corresponding substituting metals are labeled; the pattern of
the starting titanate nanotubes (NT) is shown for comparison).

and random distribution of substituted ions. TEM images
revealed that the tubular structure was retained without the
agglomeration of particles or clusters that are formed at the
outer wall of nanotubes substituted with Co**, Ni**, Cu?*,
Zn**, Cd*, implying the homogeneously substitution of ions.
TEM images of Co- and Ni-substituted derivatives are shown
in Figure 13a and Figure 13b as examples. Corresponding
EDXA plots shown in the insets indicated the existence of
substituted ions and the absence of sodium ions. HRTEM
images of Ni-substituted nanotubes (Figure 13¢) gave further
insight into the structure of substituted nanotubes, with no
particles observed on the inner and outer surface of the
nanotubes, and the layered structures still clearly visible.
The substitution of transition metals was further charac-
terized by XRD and XPS. When the Co-substituted titanate
nanotubes were heated to 850°C for 1 h, this resulted in the
formation of a mixture of CoTiO; and TiO, without the
presence of sodium titanate (Figure 14), while the original
starting titanate nanotubes transformed to give Na,TiyO 4 or a
mixture of Na,TicO;; and TiO, at temperatures above 600°C
(Figure 5, curve d). The XPS spectra also supported the
conclusions from the XRD results that the substitution was

Chem. Eur. J. 2003, 9, 22292238 www.chemeurj.org
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Figure 13. TEM images of a) Co-substituted nanotubes, and b) Ni-
substituted nanotubes (insets show the corresponding EDXA spectrum);
c¢) HRTEM image of Ni-substituted titanate nanotubes with layered
structure.

complete. Judging from the Na-KLL peaks, the residual
sodium was negligible, except for the sample substituted with
Ag™. This is reasonable to expect since hydrous titanate sheets
serve as a solid-state acid in this case. The interaction between
negatively charged anionic sheets and bivalent cationic ions
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Figure 14. The XRD pattern of titanate nanotubes after thermal treatment
at 850°C, indicating the formation of CoTiO; and TiO, without the
presence of sodium titanate.

should be larger than that with monovalent Ag* because of
the higher effective charge density and correspondingly
stronger electronic interactions. Notably, when we tried to
reduce the substituted elements such as Cu?* ions, which
should be very easily reduced when left in a solution
containing excess amounts of aqueous hydrazine,*! we were
surprised to find that no elemental copper was formed, even
after tens of hours of hydrothermal treatment at 120°C. The
only explanation was that these ions were tightly bound into
the lattice, and therefore prevented them from being reduced
into metals.

In the substitution process, ammonium ions were also
substituted into the crystal lattice. This was confirmed by
TGA (Figure 15a): DTA indicated three weight loss peaks of
Co-substituted nanotubes (Figure 15b) rather than the two
peaks of the starting materials (Figure 15¢). The first two
peaks were considered to correspond to the dehydration
process, and the weight loss peak positioned at 170—-250°C
was considered to be caused by the loss of ammonium
species.[?
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Figure 15. TGA and DTA studies on substituted and starting titanate
nanotubes: a) TGA studies of titanate nanotubes substituted with Co**;
b) DTA plots of the Co-substituted titanate nanotubes; ¢) DTA plots of the
starting nanotubes, indicating two weight loss peaks.
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The specific surface area could be increased by ion
exchange. The BET surface area of the original (starting)
nanotubes was 99 m?g~!, while that of Co-substituted titanate
nanotubes increased to 243 m?>g~!, which would be advanta-
geous for the application of the nanotubes as catalysts.

The ion exchangeability provides an effective method to
introduce functional ions. Magnetic semiconductors, which
make use of spin rather than electron charges to transform
reading and writing information, are highly desired and
extremely attractive in the development of new multifunc-
tional devices for optoelectronics and information storage.?’!
Doping magnetic ions into host lattices to form dilute
magnetic semiconductors has been realized for transition
metals in titanium dioxides by using laser molecular-beam
epitaxy techniques under high temperature and high vac-
uum.? In this investigation, transition-metal ions were
introduced, based on electrostatic interactions between
negatively charged host lattice and positively charged cationic
ions, by simply stirring the nanotubes and the ammonia
solution of the corresponding ions at room temperature.

The temperature-dependent molar magnetic-susceptibility
data for Co-substituted nanotubes, obtained in the temper-
ature range 4-300 K under 5000 G on a SQUID magneto-
meter, is shown in Figure 16 a. Calculated from the TGA (the
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Figure 16. Magnetic susceptibility of Co-substituted nanotubes. a) y and
1/ym versus temperature 7 plots for Co-substituted nanotubes; b) ¥ 7 versus
temperature 7 plots for Co-NT.
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molar ratio of H,O to NH; was estimated to be 2.33:1.13 as
calculated by the stages in mass loss) and the EDXA results
(the molar ratio of Co to Ti was estimated to be 1:3.5), the
approximate chemical composition was formulated as CoO -
3.5TiO,-2.33H,0 - 1.13NH; with a molecular weight of 422.
The room temperature value of 7 is about 1.1 emuK mol~!
per Co?* ion lower than the expected value (2.57 emu K mol !,
g =2.34) for a magnetically isolated high-spin Co™ ion (S =3/
2). With the decrease of the temperature, yy7 decreases
uniformly (Figure 16b). The magnetic susceptibilities obey
the Curie—Weiss law in the temperature range 23-300 K,
giving a Weiss constant of —14.3 K. This was due to the
composite effects of the antiferromagnetic Co"-Co!! inter-
action, the zero-field splitting of Co" ions and also the orbital
contribution of Co™ (t,,’e,?).

Not only the magnetic properties, but also the optical
properties of the titanate nanotubes were modifiable by
introducing different transition-metal ions. Figure 17 shows
the UV/Vis diffuse-reflectance spectra of titanate nanotubes
substituted with different transition-metal ions. The band-gap
energy of the starting titanate nanotubes was determined to
be 3.1 eV, while the Co**-, Cu?*-, and Ni**-substituted nano-
tubes showed a strong, broad absorption in the visible-light
range due to the d—d transition of these transition-metal ions.
This implied that these nanotubes might be excited by visible
light by the introduction of transition-metal ions.
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Figure 17. The UV/Vis diffuse-reflectance spectra of different titanate
nanotubes (starting nanotubes (NT) and corresponding substituted ele-
ments are marked).

The nanotubes were demonstrated to be photoactive as
evidenced by the photoluminescence spectra (Figure 18).
Blue emission spectra around 400 nm were observed for the
titanate nanotubes at room temperature with excitation at
236 nm. This behavior was noteworthy because most titanates
do not show luminescence at room temperature.?”) Titanates
are often used in photocatalysisP®® and solar-energy conver-
sion.’”! The tubular structure provides an opportunity for
encapsulation of visible-light excitable materials such as CdS
or Fe,0; into the tubes.’! Thus, besides serving as a kind of
molecular sieve for separating noble-metal ions (i.e. environ-
mental purification), the nanotubes might find applications in
photocleavage of water, photocatalysis, and even for fuel-cell
electrolytes.™

Chem. Eur. J. 2003, 9, 2229-2238 www.chemeurj.org
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Figure 18. The photoluminescence spectra of titanate nanotubes: a) the
excitation spectra of titanate nanotubes with emission at 390 nm; b) the
emission spectra of titanate nanotubes with excitation at 236 nm.

Conclusion

Titanate nanotubes were synthesized by a simple hydro-
thermal method, followed by washing with water and
dispersion with alcohol. The equipment required was simple
and alkali solutions were reusable, which shows that this
method has potential for use for large-scale industrial
production. Ion-exchange reactions revealed that the nano-
tubes prepared in this way were titanate nanotubes rather
than TiO, nanotubes. The ion exchangeability also provided
the opportunity to prepare complex transition-metal oxide
nanotubes, which would be ideal materials for heterogeneous
catalysis or catalysts supports, as well as a candidate for host —
guest chemistry, ion-exchange, and as an absorbents. The
nanotubular structure yielded high specific surface areas and
should be advantageous for the ion-exchange process. Optical
and magnetic properties could be introduced or manipulated
by introducing different kinds of cations.
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