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Titania with nanotubular morphology was synthesized hydrothermally via the reaction of a commercial
TiO, anatase with NaOH solution at 413K followed by a washing procedure with an HCl solution. The
obtained nanotubes were dried at 373 K and then annealed at 573 and 673 K. All samples were character-
ized using X-ray diffraction, Raman spectroscopy, HRTEM, nitrogen physisorption and FTIR of adsorbed
CO. Tubular morphology was preserved up to 673 K although the collapse of nanotube walls took place
and formation of anatase microdomains was observed. Low temperature CO adsorption was followed
by FTIR on orthorhombic layered titanate and on anatase transformed nanotubes. The samples were
annealed in situ and ex situ in order to know the origin of reactivity of surface OH groups. In situ treated
samples presented higher adsorption of CO molecules than samples treated ex situ, nevertheless, the
latter present higher activity toward CO oxidation into CO,. FTIR results reveal the existence of highly
reactive OH groups toward CO oxidation at the surface of nanotubular titania calcined ex situ. These
hydroxyl groups might be generated from the dissociation of water molecules adsorbed on the strongly
deformed TiOg octahedra in the curved structure of nanotubes. This fact suggests that enhancement of
CO oxidation activity of TiO, nanotubes can be achieved by their exposure to adequate doses of water
vapor, producing CO, at temperatures as low as 100 K. Total extinction of CO and CO, vibration bands in
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FTIR spectra at temperatures above 240K evidenced the reversibility of the adsorption process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium oxide is one of the most studied metal oxides
because of its remarkable characteristics (non-toxicity, inert-
ness, chemical and thermal stability, high refractive index) in
multiple and different applications. TiO, has been used in the
construction of solar cells [1,2], as gas sensors [3,4], as photo-
catalysts [5-8], in the degradation and adsorption processes of
organic molecules [5,7,9,10], in heterogeneous catalysis [11,12],
as a pigment [13], as anode material for lithium-ion batter-
ies [14,15], etc. With the emergence of nanotechnology much
research has been done in order to synthesize nanostructured
materials, including those based on metal oxides that show new
and improved properties. Different methodologies have been
employed for the synthesis of nanotubes, nanoparticles, nanorods,
nanobelts of several transition metal oxides. Particularly, nan-
otubular form of titanium oxide is relative easy to synthesize [16]
and is especially interesting, since it combines versatile chemi-
cal behavior with high-aspect-ratio and high specific surface area.
Titania nanotubes present enhanced properties like photo and cat-
alytic activity, optoelectronic characteristics [17], enhanced energy
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conversion efficiencies in dye-sensitized solar cells [2], among oth-
ers.

Although several properties of TiO, nanotubes have been
exploited for new uses, lack of knowledge exist about its surface
chemistry. In order to study the nature and abundance of surface
sites on metal oxides, adsorption of different probe molecules can
be carried out. Carbon monoxide is one of the most used probe
molecules for the characterization of Lewis and Brensted acidic and
basic sites; it also can provide information about the coordination
and oxidation state of atoms. The adsorption of CO on TiO, surface
evidenced the existence of three different sites of interaction: OH
groups, Ti"* and basic oxygens [18-21].

For tetragonal anatase phase, the adsorption of CO at low tem-
perature leads to the formation of carbonyls on different Ti** sites
[18]. The most energetic site (a-site) is characterized by a band
at 2210cm™1, a less energetic site ([/-site) is represented by a
band at 2192 cm~1. A third kind of Ti%* sites (B”-site) interact with
CO molecules preadsorbed on [3'-sites generating a common band
whose maximum is shifted to 2179cm~! at higher coverage. In
addition to the aforementioned bands, an extra band is formed
at 2165cm~!, which stand for sites designated as y-sites [18]. In
the case of rutile, the existence of one band at 2193 cm~! (a-sites)
is reported; with the increase of CO coverage, this band shifts its
maximum to 2183 cm~! (f’-sites) [19]. Carbon monoxide and OH
groups situated on TiO, surface interact forming a hydrogen bond.
CO adsorbed on hydroxyl groups of rutile surface generates a band
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Fig. 1. XRD patterns of (a) anatase TiO, used as precursor and TiO, nanotubes
annealed at: (b) 373K, (c) 573K, and (d) 673 K.

at2150cm~! [19], whereas on anatase is located at 2155 cm~! [18].
Physically adsorbed CO produced bands in the 2148-2133 cm™!
region due to its interaction with 02~ surface anions [20].

Recently, it was reported a FTIR study of CO adsorption
at low temperature on titania nanotubes annealed ex situ at
573 and 673K [22]. Almost the complete transformation of
the orthorhombic structure of the synthesized nanotubes into
anatase was observed in samples annealed at 673 K. The adsorbed
CO species react via surface with OH groups in the anatase
curved structure of nanotubes, yielding CO, and H,0 at 183K.
The CO, thus produced remained adsorbed and reacted in turn
with other surface OH groups producing carbonates and H,O.
The carbonate species were eliminated at high temperature
(473 K), restoring the surface OH groups and producing gaseous
CO,.

In this work, the origin of the reactivity of OH groups at the
surface of titanate nanotubes toward CO oxidation was studied by
FTIR of CO adsorption on in situ and ex situ annealed samples at
573 and 673 K. The OH groups of ex situ annealed sample exhibited
superior reactivity toward the oxidation of CO into CO5.

2. Experimental details

Titania with nanotubular morphology was synthesized by
hydrothermal treatment of an anatase precursor with a crystallite
size of 20 nm (as determined by XRD Rietveld refinement analysis)
Hombikat KO3. Nineteen grams of anatase powder were suspended
in 425 mL of an aqueous NaOH 10 M solution, the resulting suspen-
sion was placed and sealed in a 500 mL autoclave. The hydrothermal
reaction was conducted at 413 K for 24 h under stirring at 200 rpm.
The resultant white slurry was filtered and neutralized with 1M
HCl solution until the pH was 3.0. Thereafter, the obtained suspen-
sion was stirred overnight. The material was repeatedly washed
with abundant deionized water until it was chlorine-free. Finally
the material was dried at 373K, yielding a hydrous titania pow-
der with nanotubular morphology. A fraction of dried material was
annealed at 573 and 673 Kunder dynamic nitrogen flow in a tubular
oven for 3 h and other amount was preserved for activation inside
the cell of IR equipment.

X-ray diffraction (XRD) patterns of the samples packed in a glass
holder were recorded at room temperature with Cu Ko radiation
in a Bruker Advance D-8 diffractometer having theta-theta config-
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Fig. 2. Raman spectra of (a) anatase TiO, used as precursor and TiO, nanotubes
annealed at: (b) 373K, (c) 573K, and (d) 673 K.

uration and a graphite secondary-beam monochromator. The data
were collected for scattering angles (26) ranging from 4° to 80° with
a step of 0.02° for 2 s per point.

High-resolution transmission electron microscopy (HRTEM)
analyses of the samples were performed in a JEOL 2010F micro-
scope operating at 200 kV and equipped with a Schottky-type field
emission gun and an ultrahigh resolution pole piece (Cs=0.5 mm,
point-to-point resolution, 0.190 nm). The samples were ground,
suspended in isopropanol at room temperature and dispersed by
ultrasonic agitation. Then, an aliquot of the solution was dropped
on a 3 mm diameter lacey carbon copper grid.

The Raman spectra were recorded using an Yvon Jobin Horiba
(T64000) spectrometer, equipped with a confocal microscope
(Olympus, BX41) with an argon ion laser operating at 514.5 nm at
a power level of 10 mW. The spectrometer was equipped with a
CCD camera detector. Powdered titania nanotubes were placed in a
Linkam cell stage directly adapted to the microscope of the instru-
ment, which provides a controlled atmosphere and temperature.
The glass window of the cell was 1 mm thick.

All textural properties were determined in an ASAP-2000
analyzer from Micromeritics. The specific surface area was calcu-
lated from the Brunauer-Emmet-Teller (BET) equation from N,
physisorption at 77K. The pore size distribution was obtained
by the Barrett—-Joyner-Halenda (BJH) method from the desorption
branch. Dried and annealed samples were outgassed at 373 K.

Transmission infrared (IR) spectra were recorded using a Nicolet
Fourier transform infrared (FTIR) spectrophotometer at a spectral
resolution of 4cm~! accumulating 100 scans, in a self-supported
disk. The IR cell was connected to a vacuum/sorption system capa-
ble of temperature control with a <0.133 Pa residual pressure. The
cell allowed recording the IR spectra at 100 K. Self-supported disks
of the samples annealed ex situ at 573 and 673 K were outgassed
under vacuum at 573 K before exposing them to CO. Other self-
supported disks were thermally treated into the IR cell under
nitrogen flow at 573 and 673K respectively (in situ annealed
samples) before exposing them to CO. The adsorption procedure
consisted in contacting the annealed sample disk with CO at 100 K
at a pressure of 5.3 kPa in the IR cell where the spectrum of the
adsorption was recorded. The IR cell was cooled with liquid nitro-
gen. Then, desorption was carried out by outgassing upon heating
from 100K to room temperature. FTIR spectra were recorded at
each 10K.
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Fig. 3. TEM images showing synthesized titania nanotubes annealed at: (a and b) 373K, (c) 573K, and (d and e) 673 K.
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3. Results and discussion

Fig. 1(a) shows the XRD pattern of TiO, anatase powder used as
the raw material. The crystallite size of the anatase precursor was
around 20nm, and its specific surface area was 101 m?/g deter-
mined by the BET method. Titania nanotubes were prepared by
alkaline hydrothermal treatment of anatase at 413K and then the
as obtained material was dried at 373K, its XRD pattern exhib-
ited four broad peaks at 20 =9.2°, 24.3°, 28.3°, and 48.5°, as shown
in Fig. 1(b). XRD peaks do not correspond to anatase phase indi-
cating complete transformation into an orthorhombic structure of
layered hydrogen titanates, H,Ti, O4(OH), as previously reported
[23,24]. At 573 K, the XRD pattern does not showed changes indi-
cating preservation of the orthorhombic structure. After annealing
at 673K, the XRD peak at 9.2° disappeared, as well as the peak at
28.3°. The peak at 24.3° originally present in the titania nanotubes,
slightly shifted to 25.3°, the position of the (10 1) plane in anatase
phase, as indicated in Fig. 1. These results evidenced the collapse
of the nanotube walls and the structure reconversion to tetragonal
anatase.

In addition to Raman spectra of titania nanotubes, the one corre-
sponding to anatase precursor was included in Fig. 2(a), it exhibited
five bands at 156, 205, 397, 511, and 636cm™!. Fig. 2(b) shows
the spectra for nanotubular titanates dried at 373K, it present
three major bands at 280, 449, and 687cm~! and other weak
bands at 190, 389, 825, and 922 cm™!, all these bands are differ-
ent from those of anatase phase and their exact assignment is still
not available but several attempts had been made by many groups
[23,25-31]. According to the literature, bands at 450 and 668 cm™!
could be assigned to Ti—O-Ti vibrations [31], however in our Raman
spectra the band at 668 cm™! is shifted to 687cm~!. A band in
the range of 822-830 cm~! was related to a covalent Ti—-O-H bond
[26] and the band at 917 cm~! was attributed to Ti-O-Na vibra-
tions [31]. Low concentration of Na* ions in our nanotubes could
have originated a very weak vibration band at 922 cm~! but this
band could also be attributed to Ti-O-H bonds generated during
extensive ion exchange carried out in neutralization process with
HCI [23]. After annealing at 573K, the intensity of some Raman
vibrations of nanotubes considerably decrease but no clear detec-
tion of anatase peaks was made. Associating this result with the
one obtained by XRD (Fig. 1(c)), it can be confirmed the titanate
nanotubes structure stability up to 573 K. On the other hand, the
spectrum of annealed nanotubes at 673 K exhibited the presence of
anatase active modes at 152,401, 515,640 cm~1, although the main
peaks corresponding to titanate nanotubes structure were still be
observed at 287, 452, and 703 cm~!. The coexistence of these two
TiO, phases is related to a transformation of the titanate nanotubu-
lar structure into anatase probably caused by collapse of layered
arrangement and subsequent microdomain formation of the latter,
in agreement with XRD results.

TEM micrograph of the as obtained material (Fig. 3(a)) reveals
tube-like nanostructures with lengths in the range of microme-
ters. No raw anatase nanoparticles were observed indicating that
all the initial material was transformed into nanotubes. Fig. 3(b)
shows that the number of nanotubes walls counted from the two
sides is not identical as 2-4 layers. The distance between adjacent
structural layers is about 0.74 nm, the inner and outer diameters of
titania nanotubes were about 5 and 10 nm respectively. After heat
treatment at 573K, the nanotubular morphology was preserved
although its length decreased as showed in Fig. 3(c). Similar mor-
phological stability was observed for samples annealed at 673 K
(Fig. 3(d)) although the layered structures began to collapse bring-
ing about the extinction of the space between nanotube walls
and producing microdomains of anatase nanocrystals as seen in
Fig. 3(e). The white square marked as A surrounds the Fourier trans-
formed region of the titania nanotube where anatase nanocrystals
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Fig. 4. Nitrogen adsorption-desorption isotherms for annealed nanotubes at: (a)
373K, (b)573K, and (c) 673 K. Corresponding pore size distribution plots are shown
in the inset.

were observed. The FFT pattern of A region shows characteristic
spots with a d-spacing of 0.189 nm, named as (2 0 0) anatase planes,
these planes represent a half of the unit cell in the a-axis, there-
fore parameter a is approximately 0.378 nm. The same interplanar
spacing was observed between spots that are situated in a perpen-
dicular position respect to the ones that represent (200) planes.
Then, perpendicular spots are named as (02 0) anatase planes and
they represent half of the unit cell in the b-axis, this way parameter
b is approximately the same length as a.

Annealing treatment brings about phase transition from titanate
nanotubular structure into anatase, modifying textural properties.
N, adsorption-desorption isotherms of TiO, nanotubes treated in
nitrogen atmosphere at 373,573, and 673 K are shown in Fig. 4. The
aforementioned isotherms are of classical type IV, characteristic of
mesoporous materials according to the IUPAC classification [32].
The three isotherms presented a similar shape but the hysteresis
loop shifted toward higher relative pressure with the increment
of annealing temperature. This suggests a slight enhancement in
the internal porosity of nanotubes. The inset in Fig. 4 shows the
pore-size distribution plots determined from the desorption branch
of the isotherm. The peak around 4-5 nm correspond to the inner
diameter of nanotubes, in agreement with the inner diameter mea-
sured in HRTEM images (Fig. 3(b)). The other broad peak in the
range of 15-100 nm is likely to arise from the aggregation and inter-
crossing of nanotubes that generated non-uniform interparticle
voids. Textural parameters listed in Table 1 show an increase in the
average pore diameter from 5.0 to 6.2 nm and a minor decrement
in total pore volume from 0.65 to 0.61 cm3 g1, when the anneal-
ing temperature increased from 373 to 673 K. After annealing at
573K, pore diameter and pore volume did not vary considerably in
comparison with those of titanate nanotubes dried at 373 K, indi-
cating that the nanotubular morphology was still preserved in full
agreement with Raman and XRD results. On the other hand, after
annealing at 673 K, the pore diameter increased up to 6.2 nm with
a slight pore volume variation, then, pore size increase could be

Table 1
Textural properties of titania nanotubes annealed at indicated temperatures.

Temperature (K) Specific surface

area(m?g!)

Total pore
volume (cm3g~1)

Average pore
diameter (nm)

373 353 0.65 5.0
573 320 0.63 52
673 270 0.61 6.2
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Fig. 5. FTIR spectra of titania nanotubes annealed in situ at: (a) 573 K and (¢) 673K
and ex situ at: (b) 573K and (d) 673 K.

explained by the collapse of the layers of the nanotubes walls, this
fact also explained the decrement in specific surface area from 353
to270m2 g1,

Fig. 5 shows FTIR spectra at the OH regions of titania nanotubes
after in situ and ex situ treatments in nitrogen at 573 and 673 K.
These spectra exhibited a weak vibration band in the v(OH) region
at around 3700 cm~! which correspond to highly basic OH~ groups
on nanotubes in terminal positions [33]. As all the spectra were
normalized to the same sample weight, the low intensity of v(OH)
band in ex situ treated samples suggests lower concentration of OH
groups than in situ treated ones.

The FTIR spectra of CO adsorption on the orthorhombic structure
of the titanate nanotubes, H,Ti;O4(OH),, annealed in situ at 573 K
are shown in Fig. 6(a). At 100 K, CO adsorption gives rise to a band at
2163 cm™!, this band has been attributed to the CO adsorption on
surface Ti-OH groups since a shift of the band characterizing surface
hydroxyl groups occurred simultaneously [18,34-36]. Also a shoul-
deris presented at 2142 cm~!, that can be attributed to physisorbed
CO on 0%~ anions [20]. The band assigned to CO adsorbed on OH
surface groups is observed for the TiO, nanotubes annealed in situ
at 673 K and for the ones annealed ex situ at the same temperatures
even though structural transformation started at 673 K (Fig. 7). A
blue shift is distinguished for this band with the increment of the
evacuation temperature for all samples. During desorption of CO,
a new vibration band appeared in the range of 2346-2352cm™!
for all nanotubular samples which is attributed to physisorbed CO,
species [37]. Carbon monoxide strongly adsorbed on the surface
of the titania nanotubes was oxidized by the reaction with surface
hydroxyl groups forming CO, [22]. For the sample treated in situ
at 573K the CO, vibration band appeared at an evacuation tem-
perature of 170 K, meanwhile for the sample annealed ex situ, the
CO, vibration peak appear at 150K, suggesting more reactive sur-
face OH groups on ex situ annealed nanotubes. The same behavior
was observed for samples treated in situ and ex situ at 673 K; the
sample annealed in situ exhibited a CO, vibration band starting
at 170K and the sample annealed ex situ exhibited a CO, vibra-
tion band at temperatures as low as 100 K. The appearance of CO,
vibration bands at lower temperatures for ex situ treated samples
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Fig. 6. FTIR spectra of titania nanotubes annealed at 573 K: (a) in situ and (b) ex situ.

suggests the existence of more active sites toward oxidation. For
desorption temperatures above 240K, the IR spectra showed the
completely extinction of bands corresponding to adsorbed CO and
CO,.

As all FTIR spectra were normalized to the same sample weight
the integrated area of each vibration peak represent the amount of
each adsorbed component. Fig. 8 plots the total area corresponding
to the CO adsorption band around 2163 cm~! versus the evacuation
temperature. It shows maximum area values for samples annealed
in situ, this result suggests that in situ treated nanotubes have
a higher density of CO adsorption sites (hydroxyl groups), which
is in agreement with the intensity trends of OH signal observed
in the in situ treated samples before CO adsorption. Fig. 9 shows
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Fig. 7. FTIR spectra of titania nanotubes annealed at 673 K: (a) in situ and (b) ex situ.

the area variation of the band corresponding to adsorbed CO, ver-
sus the increment of the evacuation temperature. The adsorbed
amounts of CO,, as in the case of CO, are directly related with
the integrated area of the corresponding bands. The highest area
value corresponds to the nanotubes treated ex situ at 573 K. At
this temperature orthorhombic structure of hydrogen titanate was
observed for both in situ and ex situ treated samples, then, it can
be established that the reactivity of OH groups is independent of
the structure of the nanotubes. Therefore it is suggested that the
origin of the highly reactive OH groups came from the dissociation
of water molecules that were adsorbed on the strongly deformed
TiOg octahedra in the curved structure of nanotubes.
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Fig. 8. Variation of the area of the CO adsorption bands for samples treated in situ
at 573K (W), ex situ at 573K ((J ), in situ at 673 K (8 ) and ex situ at 673 K (O ) with
evacuation temperature.
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Fig. 9. Variation of the area of the CO, adsorption bands for samples treated in situ
at573 K (W), ex situ at 573K (CJ ), in situ at 673 K (8 ) and ex situ at 673 K (O ) with
evacuation temperature.

4. Conclusion

Commercial TiO, anatase was transformed into titanate
nanotubes after an alkaline hydrothermal treatment at 413 K. Mor-
phological stability was observed for annealed nanotubular titania
at 573 and 673K although at the latter temperature the titanate
layered structures began to collapse producing microdomains of
anatase. Textural properties also were modified with heat treat-
ments nevertheless they maintain acceptable values. FTIR spectra
of the CO adsorption on titanate nanotubes annealed in situ and ex
situ revealed the existence of OH groups with different adsorption
an oxidation capacity. In situ treated nanotubes exhibited higher
CO adsorption capacity meanwhile ex situ treated samples pre-
sented higher activity toward CO oxidation into CO,. The more
reactive OH groups of ex situ annealed samples might be generated
from the dissociation of water molecules adsorbed from ambient
atmosphere on strongly deformed TiOg octahedra in the curved
structure of nanotubes. The OH reactivity is independent of the
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crystallographic structure of titania nanotubes but it depends on
the nanotubular morphology. Then, the exposure of nanotubular
titania to adequate doses of water vapor can strongly enhance its CO
oxidation activity producing CO, at temperatures as low as 100 K.
At temperatures above 240 K completely extinction of CO and CO,
bands was observed suggesting the reversibility of the adsorption
process.

This highly oxidation activity opens the possibility of potential
uses for TiO, nanotubes, since the conversion of CO at low temper-
ature is widely applied, like in air cleaning, gas masks for mining
applications, CO detectors [38].
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