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Abstract The effect of protonation on the surface acidic
properties of titanate nanowires (TiONWSs) was investi-
gated. Nanowires were synthesized by the alkali hydro-
thermal method which resulted in one dimensional
nanostructures of large external surface area and well-
defined lamellar interlayer structure. The Nat/H™ ratio in
the structure can be tuned by ion-exchange. Our aim was to
characterize the morphology of the as-synthesized nano-
structures by HRTEM and SEM measurements and assess
their surface acidity using in situ infrared spectroscopic
measurements and temperature programmed desorption. It
was found that the numbers of Lewis and Bronsted acidic
sites in the Na-form and the H-form of the TIONWs is
different. The ratio and the nature of acidic sites can be
tuned by the ion exchange process. The wire-like mor-
phology and the tunable acidity are features of titanate
nanowires that may render them a promising material in
various heterogeneous catalytic applications.
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1 Introduction

Titanate nanostructures like nanotubes and nanowires have
attracted considerable attention from the scientific com-
munity because of their unique structure and properties.
Many potential applications have emerged since Kasuga
et al. (1998) reported first on an alkali hydrothermal
method resulting in tubular titanate nanostructures. The
material can be used as anode for lithium ion batteries or
lithium storage devices (Li et al. 2005; Zhu et al. 2012),
adsorbent for heavy metal ions removal from water (Yang
et al. 2008, 2011), catalyst support (Hodos et al. 2005;
Kukovecz et al. 2011; Toth et al. 2012) electrode of dye-
sensitized solar cells (Ohsaki et al. 2005) humidity sensor
(Zhang et al. 2008), mechanical reinforcement agent for
polymers (Byrne et al. 2007) and as a starting material for
one dimensional photocatalyst synthesis (Daranyi et al.
2011; Hodos et al. 2004; Mor et al. 2005; Wu et al. 2011).
The majority of reports published so far on one dimen-
sional titanate nanostructure usage in the field of catalysis
focused on photocatalytic applications for the decomposi-
tion of organic contaminants.

Surface constitution in general and surface acidic and
basic properties in particular play key roles in heteroge-
neous catalytic reactions. Pyridine is a widely used probe
molecule to assess the nature of surface acidic sites. The
spectral analysis of adsorbed pyridine provides both qual-
itative and quantitative information about the surface
acidity of solids. While the surface properties of isotropic
anatase and rutile have been thoroughly investigated
(Bezrodna et al. 2003; Martra 2000), reports on the acidity
of tubular or wire-like titanate nanostructures are scarcely
found in the literature. Toledo-Antonio et al. (2010) studied
the morphology dependence of surface acidity in both
tubular and particulate titanate materials. They have found
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that the morphology has a great effect on the ratio of
physisorbed, H-bonded and coordinatively bonded
pyridine.

Kitano et al. (2010) studied the surface acidity and
catalytic activity of protonated titanate nanotubes by
comparing them with conventional solid catalysts. They
observed that ion-exchanged titanate nanotubes possess
both Lewis and Bronsted type acidic sites while titanium-
dioxide exhibits Lewis acidity only.

In this study we determined the surface acidic properties
of titanate nanowires from the spectral analysis of adsorbed
pyridine to examine the possibilities of their usage in het-
erogeneous catalysis.

2 Experimental
2.1 Sample preparation

Titanate nanowires were synthesized by an alkali hydro-
thermal method as described by Horvath et al. (2007). In a
typical synthesis, 50 g of anatase TiO, powder purchased
from Fluka was mixed with 1 L of 10 M NaOH (Sigma-
Aldrich) solution. The suspension was filled into a Teflon
lined stainless steel autoclave. The vessel was put into a
furnace for 24 h at 190 °C. The autoclave was rotated
around its shorter axis at a speed of 28 rpm. After 24 h the
product slurry was filtered and washed with distilled water
to neutral pH. The nanowires were dried in air at 70 °C for
24 h.

A series of protonated samples were prepared by ion-
exchange to produce H-form or partially protonated
nanowires. Suspensions were made of 1 g pristine titanate
nanowires and 100 mL HCI solution in six different con-
centrations (0.01, 0.02, 0.03, 0.04, 0.06 and 0.1 M). After
12 h of intense stirring the suspensions was filtered and
washed with distilled water until chloride ions were
undetectable in the filtrate. The absence of C1~ was verified
by AgNOj; probing. The nanowires were dried in air at
70 °C for 24 h.

2.2 Characterization

The morphology of the as-synthesized Na- and H-form
titanate nanowires was characterized by a TECNAI G?
20x-Twin High-resolution transmission electron micro-
scope (TEM) working at an accelerating voltage of
200 kV. Samples for TEM measurements were drop-casted
onto carbon coated copper grids from acetone suspension.

Surface morphology characterization and semi-quanti-
tative chemical analysis of the nanomaterials were
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performed in a HITACHI S-4700 Type II cold field
emission scanning electron microscope (SEM) operated at
20 kV accelerating voltage, by using the integrated Rontec
QX2 EDS detector. In order to monitor the ion-exchange
process, the quantitative analysis of the sodium content was
necessary. The Na/Ti atomic ratio was evaluated from the
sodium and titanium signals. Since the accuracy of EDS
depends on many factors like the orientation, density of
materials, etc., and the EDS result may not be accurate if
the chemical composition of specimens is complex or the
concentration of a target atom is too low, ten randomly
chosen points were analyzed and an average value was
calculated. The EDS probe size was about 10 x 10 pm and
the sampling depth of the analysis was around 1 pm. The
accuracy of EDX analysis was approximately 4-0.5 vol.%.

The crystallographic properties were studied using a
Rigaku Miniflex II powder X-ray diffractometer (XRD)
equipped with a Cu K, radiation source (4 = 0.15418 nm)
by applying a scanning rate of 4° min~" in the 20 range of
5°-80°.

The specific surface area was determined from N,
adsorption analysis performed in a Quantachrome NOVA
3,000e surface area and pore size analyzer. Samples were
degassed for 1 h at 200 °C in dynamic vacuum before the
measurements.

Thermogravimetric analyses were carried out in a
Setaram Labsys instrument. Samples (10 mg) were heated
from 25 to 600 °C in nitrogen atmosphere at 10 °C min~"
heating rate.

The strength of acidic sites was determined by the NH;-
TPD technique using a Belcat A instrument. The heating
rate was set at 10 °C min~' from 25 to 600 °C in helium
atmosphere. The samples were pretreated for 1 h at 80 °C
in helium flow.

Infrared absorption spectra were recorded on a Bruker
Vertex 70 FT-IR instrument in the 400—4,000 cm™! range
at a spectral resolution of 4 cm™'. Self-supporting pellets
of TiIONW samples were prepared for the in situ infrared
measurements by pressing 6 mg of TIONW into a 12 mm
diameter pellet using a pressure of 25 MPa. The pellets
were moved into a custom built adsorption chamber
designed for infrared measurement and degassed at 80 °C
temperature in vacuum for 1 h. Pyridine adsorption was
then performed at room temperature at 133 Pa for 30 min
followed by an additional 30 min evacuation process to
remove excess pyridine adsorbed on non-acidic sites.

In-situ infrared spectroscopic measurements were car-
ried out after pre-treating, after the pyridine adsorption
phase and after evacuation. Spectra shown here were
obtained by subtracting the pre-treated TiONW spectra
from those recorded after pyridine adsorption and sub-
sequent evacuation.
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3 Results and discussion
3.1 Structure and morphology

Titanate nanowires were obtained by the alkali hydrother-
mal conversion of anatase TiO, powder. The as-synthe-
sized nanowires are wire-like structures measuring
80-100 nm in diameter and 1-5 pm in length. Nanowires
are known to be the thermodynamically most stable form
of sodium trititanate under the applied hydrothermal syn-
thesis conditions (Horvath et al. 2007).

Increasing the hydrochloric acid concentration in the ion
exchange treatment decreased the sodium contents of the
TiONWSs as indicated by Fig. 1. The equilibrium compo-
sition is gradually shifted from the starting Na,Ti;O;
compound through partially protonated Nag_,)H,TizO;
stages until the final H,Ti3O; form is reached.

Characteristic XRD patterns of pristine (Na-form) and
the fully protonated (H-form) TiONWs are shown in
Fig. 2. The as-synthesized sample (Na-form) exhibited
broad peaks of low intensity, which are quite difficult to
index, but the profile could be referred to as reflections
(around 10, 25, 28 and 49°) of sodium trititanate Na,TizO~
(JCPDS no. 31-1329). Other researchers have proposed
different crystalline phases for the as-synthesized samples,
for example lepidocrocite titanates (Sasaki et al. 1997; Ma
et al. 2004) or divalent salt titanate (Na,Ti,05-H,O) (Tsai
and Teng 2006), etc. The crystalline structure of these
samples is metastable and contains water and sodium in its
matrix, therefore, the exact formulation depends on the
synthesis condition and the volume of the sealed or filled
factor (Poudel et al. 2005). After the ion-exchange process,
the most intense peak of the titanate structure [the reflec-
tion at 20 ~ 10° assigned to the (0 O 1) crystal plane]
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Fig. 2 XRD patterns of Na- and H-form TiONWs

shifts to a higher angle. According to the crystal structure
reported by Peng et al. (2008), this low angle peak repre-
sents the crystal plane spacing between two Ti—O layers,
thus the Ti—O interlayer spaces appear to have been nar-
rowed as a result of the replacement of the interlayer Na™
ions by H™" (or rather H;0™) ions (Zhao et al. 2011). Since
there is a Na—O layer between the Ti—O layers which tends
to be affected by post-treatments, such as washing, ion-
exchange, or drying, the identification of the structure of
acid-washed product as layered hydrogen titanate
H,Ti;07-nH,O (JCPDS no. 36-0654) is obvious.

The TEM measurements depicted in Fig. 3. confirmed
that the nanowire morphology was unaffected by the ion
exchange process. The specific surface area of the Na-form
and H-form TiONWs was 28.7 and 35.3 m* g~ ', respec-
tively. This difference can be explained by the molar
weight difference between the two forms adequately
(Na,Ti307 to H,Tiz05), therefore, the specific surface area
measurement verifies the preservation of the one dimen-
sional nanowire morphology.

3.2 Thermogravimetry

Knowing the thermal stability of one dimensional titanate
nanostructures is very important, because several potential
applications and/or modifications require higher tempera-
tures. The thermogravimetric characterization of the thermal
behavior of titanate nanowires is depicted in Fig. 4. There
are two important weight loss steps in both the Na- and the
H-form. The first one takes place between 50-120 °C and it
is related to the release of adsorbed water. In pristine Na-
form nanowires the second step starts at 110 °C and ends at
320 °C as wires loose structural water transforming from
trititanate into a mixed titanate form of B-TiO, and sodium-
hexatitanate (Na,TigO;3). In case of H-form wires the
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Fig. 4 TG and dTG curve of Na- (a) and H-form (b) TiONWs

second weight loss step ends at a higher temperature
(450 °C) and the weight loss is larger than in the case of Na-
form TiONW (14 versus 8 m/m %). The reason for this that
structural oxygen is removed from the H-form nanowires as
they transform into anatase: H,Ti30; — 3TiO, + H,O
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3.3 Infrared spectroscopy

The analysis of the fine structure of the infrared bands of
adsorbed pyridine is a well-established method for
assessing zeolite acidity. Typical pyridine bands observed
in the 1,400-1,650 cm™' spectral range indicate the
presence of pyridine adsorbed on Lewis and Bronsted
acidic sites as well as physisorbed pyridine. Bands at
1,443 and 1,606 cm™' can be assigned to pyridine
adsorbed on strong Lewis type acid sites (Ertl et al. 1997,
Parry 1963). Bands at 1,575 and 1,594 cm~ ! are assigned
to physisorbed, hydrogen bonded pyridine (Cook 1961;
Parry 1963). The presence of the 1,488 cm™' band indi-
cates that pyridine interacts with both types of active
centers (Parry 1963). Finally, the broad band at
1,549 cm™! with the additional band at 1,641 cm™! evi-
dence the presence of Bronsted acid sites (Kitano et al.
2010; Parry 1963). We hypothesized that the same tech-
nique is applicable to one dimensional titanate nano-
structures because of the similarity of their negatively
charged, ion-exchange capable framework. In Fig. 5 the
spectra of pyridine adsorbed on both Na-form and H-form
titanate nanowires are presented. It is remarkable to note
that the same band assignment valid for zeolites can be
used for titanate nanowires as well (Gonzalez Pena et al.
2011; Kénya et al. 1996; Halasz et al. 1996). Therefore,
TiONW pyridine adsorption spectra can be evaluated by
using the analogy of the Na-faujasite/H-faujasite zeolite
pair. Na-form TiONWs exhibit two types of Lewis acid
sites originating from Na® ions and coordinatively
unsaturated framework Ti*" ion related oxygen vacancies.
The sodium ion is the stronger one as indicated by the
presence of the ~ 1,625 cm™! band, which is known to
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Fig. 5 FTIR spectra of adsorbed pyridine on Na- and H-form
TiONWs

measure the strength of Lewis acid sites (Busca 1998).
This band disappears after protonation, whereas the
1,606 cm™' band assigned to pyridine adsorbed on
framework Lewis acid sites is still observable. Interest-
ingly, Na-form TiONWs exhibit Bronsted acidity as well
(indicated by the 1,557 cm ™! band) which is related to
the formation of mobile protons by the interaction of the
titanate framework and residual water in the structure.
New features in the H-form pyridine spectrum appearing
at 1,549 and 1,641 cm™! as well as the increased intensity
of the band at 1,488 cm™! indicate the formation of
Bronsted acid sites upon the protonation of TiONWSs.
Moreover, the high intensity band observable at
1,444 cm™' and the significantly increased band at
1,606 cm™' evidence that the amount of Lewis type
acidic sites was increased as well. The presence of this
type of acidity in trititanates agrees well with the general
structural model of titanium oxide derivatives consisting
of octahedral TiOg4 building blocks (Horvath et al. 2007,
Kukovecz et al. 2005). In fact, Lewis acidity was
reportedly observed in TiO, species earlier by several
authors (Toledo-Antonio et al. 2010). The hydrochloric
acid treatment increases the number of vacancies and
simultaneously generates Bronsted acid sites by proton-
ating the titanate nanowires.

3.4 NH;-TPD

On the TPD curve of Na-form nanowires the TDC signal
has only one maximum in the temperature range of
100-300 °C with a shoulder at around 260 °C and a
maximum at 178 °C (Fig. 6). This agrees well with the FT-
IR results and confirms that Na-form titanate nanowires
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Fig. 6 NH;-TPD curves of Na- and H-form TiONWs

can interact with basic probe molecules as Lewis acids.
However, it should be noted that the low temperature loss
of physisorbed pyridine and structural water can also
contribute to the overall TDC signal. The ammonia TPD
signal of H-form TiONWSs is characteristically different
from that of the Na-form material. The first desorption
peak is upshifted to 207 °C indicating that Lewis acid sites
are stronger in the protonated nanowires. Moreover, a
second peak is observable in the TPD signal at 504 °C
which can be assigned to the desorption of pyridine bound
to Bronsted acid sites. The thermal stability of these acid
sites in protonated titanate nanowires is quite remarkable
because the material is known to experience crystal phase
transitions in this temperature range.

4 Conclusion

The surface acidic properties of titanate nanowires syn-
thesized by the alkali hydrothermal method were studied.
We conclude that Na-form TiONWs exhibit Lewis acidity
only, whereas protonated H-form nanowires contain both
Lewis and Bronsted acid sites. We demonstrated that the
Na+/H+ ratio can be tuned by controlling the ion
exchange procedure. The protonation of titanate nanowires
is a suitable process for increasing the strength of Lewis
acid sites and generating new Bronsted acid centers while
preserving the layered structure and one-dimensional
morphology of the nanowires. These findings may facilitate
the usage of titanate nanowires in heterogeneous catalytic
applications involving acid-base type reactions.
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