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Acid treatment of titanate nanotubes with 0.1 mol dm—3 H,SOj4 results in their transformation into various
forms of nanostructured TiO,, the shape and crystal structure of which depend on the temperature and
time of treatment. Such a transformation at 25 °C results in the formation of rutile spheroidal nanoparti-
cles, which are characterized by good crystallinity, high specific surface area (ca 250 m? g~ BET) and small
average diameter of particles (ca. 3nm). These particles are also characterized by increased activity in

reactions of both photocatalytic generation of hydrogen from alcohol and advanced oxidation of organic
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species (ethanol). Acid assisted transformation of nanotubes at higher temperatures results in forma-
tion of nanostructured anatase/titanate composites with lower photocatalytic activity. The mechanism
of transformation and the reasons for increased activity of rutile nanoparticles are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The photocatalytic properties of TiO, based materials have
been thoroughly studied during the last two decades in numer-
ous processes including advanced oxidation, sustainable hydrogen
generation and self cleaning coatings [1]. Despite significant devel-
opments in the synthesis of active nanostructured photocatalysts
in recent years, the search for new cost effective materials, which
can offer higher activity and stability in a number of photocatalytic
processes, still continues. Recently discovered titanate nanotubes
[2] obtained by alkaline hydrothermal treatment of TiO, [3] have
demonstrated not only unique combinations of physico-chemical
[4,5] and structural [6] properties but also the possibility of their
utilization in a wide range of applications [7] including catalysis
[8,9], photocatalysis [10,11], mesoporous ion-exchange materials
[12,13], lithium batteries [14,15], and solar cells [16,17].

Early studies have shown that despite the extended lifetime
of trapped photogenerated charge carriers [18] the photocatalytic
activity of as-prepared titanate nanotubes is smaller (but not zero)
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than the activity of standard Degussa P25 catalyst in e.g. a reaction
of oxidation of NH3 [19] and various dyes [20] or decomposition
of dimethyl methylphosphonate and diethylsulphide [21] in aque-
ous suspensions. Such a decreased activity of nanotubes is probably
associated with impurities of sodium ions and low crystallinity of
the structures stimulating recombination of electron-hole pairs.
Most of the attempts to improve the activity of nanotubes can
be divided into two groups, namely heat and combined heat/acid
treatments. Calcination of protonated titanate nanotubes results
in their dehydration [22] at temperatures 140-350°C followed by
transformation of titanate crystal structure to monoclinic TiO,-(B)
at 350°C [23]. A further increase in the temperature above 450°C
results in collapse of tubular morphology and formation of anatase
nanorods at 450 °C, characterized by a photocatalytic activity which
is higher than titanate nanotubes [24,25] probably due to better
crystallinity. A further increase in calcination temperature resulted
in a lower photocatalytic activity due to stripping off the surface
-OH groups and reduction in the surface area of nanostructures.
Since nanotubular titanates are produced in alkaline environ-
ment, they are thermodynamically unstable in acid environment
[26] and undergo slow transformation to nanostructured TiO, even
at room temperature [27]. The crystal structure, morphology and
photocatalytic properties of obtained TiO, depend on the nature
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of the acid and the temperature of the treatment. For example,
hydrothermal treatment of nanotubes with residual HCI at 200°C
[28] or nanofibres with 0.1 M HNO3 (pH 0-7) at 180°C [29] results
in the formation of nanostructured anatase with a fibrous or par-
ticulate morphology, which showed higher photocatalytic activity
than initial nanostructured titanates.

In this work, the effect of acid treatment of titanate nanotubes
with H,SO4 at temperatures varied from 25 to 70°C on their pho-
tocatalytic activity in the reaction of ethanol oxidation or hydrogen
generation from water/ethanol mixtures has been studied system-
atically. The activity of catalysts has been correlated with their
crystallographic, morphological, and adsorption properties. The
unusually high activity of rutile nanoparticles produced by low
temperature acid treatment of nanotubes is reported for the first
time.

2. Experimental procedure
2.1. Preparation of samples

Sodium hydroxide (NaOH), potassium hydroxide (KOH),
hydrochloric acid (HCI), sulphuric acid (H,SO4), ethanol and hydro-
gen peroxide (H,0,), pure grade were all obtained from Aldrich
and were used without further purification. Titanium dioxide (P25,
TiO, ) was obtained from Degussa.

The preparation of titanate nanotubes was based on the alka-
line hydrothermal method proposed by Kasuga et al.[3] and further
developed in our laboratories towards a lower temperature synthe-
sis using KOH-NaOH mixtures [30] allowing a reflux method to be
used rather than an autoclave. 20 g of titanium dioxide was mixed
with of 240 cm3 of 10 moldm~3 NaOH and 10 cm? of 10 moldm—3
KOH aqueous solutions, then placed in a PFA (a perfluoroalkoxy
polymer) round bottom flask equipped with a thermometer and
refluxed at 106 °C for 4 days without stirring. The white, powdery
titanate nanotubes produced were thoroughly washed with water
until the washing solution achieved pH 7.

For acid treatment, 1g of obtained titanate nanotubes was
placed in 50cm?3 round bottom flask and mixed with 25cm3 of
0.1 mol dm—3 H,S0,. Samples were treated at 25,40 and 70 °C with-
out stirring. After a controlled time in the range of 4 days to 3
months, each sample was filtered, washed with water and dried
at 25°Cin a vacuum.

2.2. Measurement of isotherm of adsorption

The sample of mass m was placed in the bottle of volume V filled
with air and sealed with a stopper. A certain volume of ethanol was
injected into the bottle using a micro-syringe. After establishment
of adsorption-desorption equilibrium (60 min), the concentration
of ethanol (C) in gas phase was measured using Gas Chromato-
graph Chrom 5. The amount of ethanol adsorbed on the surface of
nanostructured materials (a) was calculated using the formula

0
a— (c?-0oyw 1)
m
where (? is the concentration of ethanol in gas phase without sam-
ple.

2.3. Characterization of photocatalytic activity

The photocatalytic activity of nanostructured samples was mea-
sured in both the reaction of oxidation of ethanol vapours and the
reaction of hydrogen evolution from ethanol-water mixture. In
first case, 50 mg of the sample was wet deposited onto a 3 x 3cm
glass plate and placed in a thermostatic 142 cm3 batch reactor

equipped with a fused silica window, magnetic stirrer for air circu-
lation and a sampling port with membrane. The desired amount
of liquid ethanol was injected into the reactor and allowed 2h
for complete evaporation of ethanol and its adsorption on the
surface of the catalyst prior to illumination. For photocatalytic
hydrogen evolution studies, the sample of nanostructured TiO,
was mixed with a co-catalyst (2 wt% Pd/SiO, KSK-200 with a grain
size from 0.25 to 0.5mm) [31] in a weight ratio 5:1, then 0.05g
of mixture was placed into 10 cm3 thermostated cylindrical reac-
tor filled with 10cm3 ethanol-water mixture (2 vol.% water). In
both cases, the samples were illuminated with focused light from
a 1000W high pressure mercury arc lamp (Drsh-1000) filtered
using both standard optical and water cut off filters in order to
isolate the spectral range from 310 to 390 nm. The intensity of
incident light was measured using the ferrioxalate actinometry as
1.37 x 1017 quanta/s at the incident power density of 25 mW/cm?,
measured using the Gentec EO bolometer equipped with
PH100-SiUV photodiode. The concentration of ethanol, acetalde-
hyde, hydrogen, acetic acid and CO, was measured using gas
chromatography.

2.4. Sample characterization

The BET surface area of the samples was measured, using nitro-
gen adsorption, on a Micromeritics Gemini 2375 instrument. TEM
images were obtained using a JEOL 3010-TEM transmission elec-
tron microscope. The powder sample was “dry” deposited onto a
copper grid covered with a perforated carbon film. XRD patterns
were recorded using DRON-3M X-ray diffractometer equipped with
a source of copper Ky, irradiation.

3. Results and discussion

A recent approach for improvement of charge separation
in semiconductor photocatalysts utilizes a synergetic effect of
mixed phase titania nanocomposites in which the small differ-
ence in flat band potentials between two crystal forms of TiO,
(e.g. anatase and rutile) stimulates spatial separation of carriers
reducing their recombination rate [32]. Successful charge sep-
aration in such mixed phase composites requires development
of efficient contact between two phases, which can be adjusted
by a synthetic procedure. Versatile chemistry of titanate nan-
otubes provides a facile route for preparation of mixed phase
composites with improved photocatalytic activity. For example,
the bi-crystalline mixture of 33% of TiO,-(B) nanotubes and 67%
of anatase nanoparticles prepared by calcination of protonated
titanate nanotubes is characterized by an increased photocatalytic
activity compared to P25 TiO, for hydrogen evolution from aqueous
ethanol [33].

Another prospective route for mixed phase composite synthesis
is based on the thermodynamic instability of titanates nanotubes
suspended in aqueous solutions of inorganic acids, which results
in their slow transformation into nanostructured TiO, accompa-
nied by the loss of nanotubular morphology [27,34]. The particular
shape and crystal structure of obtained TiO;, nanostructures depend
on the concentration of acid, temperature, and the duration of the
transformation. The additional advantage of acid assisted transfor-
mation in presence of H,SOy4 is associated with the modification
of the surface of TiO, nanoparticles resulting in improvements of
their photocatalytic activity in advanced oxidation process [35].

Fig. 1 shows TEM images of initial titanate nanotubes and
material obtained after their treatment with 0.1 moldm=3 H,S04
at 25°C for 90 days after which the original titanate nanotubes
have completely disappeared and spheroidal nanoparticles of rutile
have formed. The initial nanotubes are characterized by a multi-



Table 1

Physico chemical and photocatalytic properties of nanostructured TiO, obtained by acid assisted transformation of titanate nanotubes. The values for as,c and kf 4 were determined by fitting adsorption data from Fig. 4 to Eq. (2).
The value of Cg was measured experimentally. The values of W° were determined as the initial slope of the plot (CE/CS) vs. time in Fig. 5 multiplied by the product of C‘E’ and the volume of the reactor V. The values of k; were
estimated using Eq. (3).

N Method of BET (m?g1) Phases composition from XRD pattern Asar (mmolg) KE (& WO x 10° ki x 10% Morphology
synthesis (dm3 mmol-1) (mmoldm~3) (mmol min—1) (gmin~1)
1 Initial 200 100% H,Tiz 07 0.617 375 0.110 5.4 0.89 Tubes: 4 nm
nanotubes diameter,
100+ nm length
2 0.1 moldm™3 251 ~75% H;Ti3 07 ~25% rutile 0.528 380 0.062 10.7 2.11 Impurities of
H,S04 for 14 nanoparticles
days at 25°C to tubes
3 0.1moldm™3 184 ~5% H,Ti3 07 ~95% rutile 0.272 114 0.137 12.0 4.69 Impurities of
H,S04 for 60 tubes to
days at 25°C nanoparticles
4 0.1moldm™3 246 ~98% rutile ~2% anatase 0.161 74 0.122 12.7 8.78 Spheroidal
H,S04 for 90 nanoparticles
days at 25°C ~3nm
5 0.1moldm—3 96 ~30% H,Ti3 07 ~70% rutile 0.496 240 0.079 7.8 1.65 Elongated
H,S04 for 4 rutile
days at 40°C nanostructures
6 0.1moldm~3 210 ~90% anatase ~10% rutile 0.461 90 0.055 11.7 3.05 Spheroidal
H,S04 for 4 anatase
days at 70°C nanoparticles
~4nm
7 Degussa P25 50 ~70% anatase ~30% rutile 0.292 154 0.084 239 8.80 Spheroidal
nanoparticles
~25nm
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Fig. 1. TEM images of (a) initial titanate nanotubes and (b) rutile nanoparticles
obtained by treatment of nanotubes with 0.1 moldm~3 H,S04 for 3 months at 25 °C.
Inset shows lower magnification. White arrows indicate the boundary of the particle.

layer wall structure with an interlayer spacing of approximately
0.74nm between (100) planes in the monoclinic H,Ti3O; [36]
observed in XRD pattern as a characteristic reflection at low
angles (see Fig. 2a). The average internal diameter of nanotubes
is approximately 4 nm and the length exceeds several hundreds of
nanometers. In contrast, nanoparticles of TiO, obtained after acid
treatment at room temperature are characterized by spheroidal
shape with an average diameter of the particles of approximately
3 nm. The crystal structure of particles corresponds to a rutile phase
(see Fig. 2b) with small impurities of anatase (see Table 1). The
particles are agglomerated into elongated structures with typical
dimensions of 50 x 200 nm. The ellipsoid shape of the agglomer-
ate is probably associated with elongated geometry of the initial
titanate nanotubes. At the early stages of transformation both
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Fig. 2. Powder XRD pattern titanate nanotubes treated with 0.1 moldm—3 H,S04:
(a) initial nanotubes, (b) at 25 °C for 90 days, (c) at 40°C for 4 days, (d) at 70°C for
4 days. Rutile (x), anatase (#) and H,Ti307 (+) reflections are shown as line pattern.
For most of the peaks the typical value of the detector count was in the range of
several hundreds.

initial titanate nanotubes and rutile nanoparticles can be found
(see Table 1).

The mechanism of acid assisted transformation of titanate nan-
otubes into nanostructured TiO, includes dissolution of nanotubes,
release of soluble forms of Ti(IV) in solution, and crystallization
of dissolved Ti(IV) to TiO, [27]. The steady state concentration
of dissolved Ti(IV) and the rate of transformation depend on the
nature and concentration of the acid as well as on the tempera-
ture of the solution. The morphology and the phase composition
of nanostructured TiO, are affected by the rate of the process. The
rutile nanoparticles tend to form at a low reaction rate whereas
nanostructured anatase is usually obtained at elevated rates of
the transformations [27,34]. In the intermediate case formation of
mixed phase composites is possible.

Fig. 3 shows nanostructured TiO, obtained by acid treatment of
titanate nanotubes with 0.1 mol dm~3 H,S04 at 40°C and 70°C for
4 days. The main product of transformation at 40°C is the elon-
gated rutile nanostructures with impurities of unreacted titanate
nanotubes (Fig. 3a). Rutile elongated nanoparticles are agglomer-
ated into ellipsoid shape nanostructures. The phase composition
according to TEM and XRD data is a mixture of rutile and triti-
tanate (see Table 1). In contrast, acceleration of the reaction by an
increase in temperature results in preferential formation of anatase
nanoparticles of spheroidal shape with average diameter ca. 4nm
agglomerated into irregular structures (see Fig. 3b). The phase com-
position of the product is anatase with impurities of rutile (see
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Fig. 3. TEM images of nanostructured TiO, and titanates obtained by treatment of
titanate nanotubes with 0.1 moldm~3 H,S04 (a) at 40°C for 4 days and (b) at 70°C
for 4 days. Inset shows lower magnification. White arrows indicate the boundary of
the particle.

Table 1). No initial titanate phase is found indicating 100% con-
version of the titanate nanotubes into TiO, after 4 days.

All products of acid assisted transformation of titanate nan-
otubes into nanostructures of TiO, are characterized by a high
specific surface area measured by nitrogen adsorption (see Table 1).
Typical values of BET surface area exceed 100 m2 g~ . However, due
to the crystallographic differences, the nature of the surface includ-
ing surface acidity, density of surface OH groups, zeta potential of
particles in aqueous suspension of nanostructured titanates and
TiO, can vary significantly [2]. As a consequence, the affinity of the
nanostructured titanates and TiO, towards organic molecules can
alsovary to alarge extent. Fig. 4 shows isotherms of ethanol adsorp-
tion in the surface of nanostructured TiO, and titanate nanotubes
at 25°C from air. The curves can be approximated by the Langmuir
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Fig. 4. Isotherms of ethanol adsorption from gas phase (air) on the surface of
nanostructured TiO, at 25°C. (1) Is initial titanate nanotubes. (2-4) Are rutile
titanate/rutile mixture obtained by treatment of nanotubes with 0.1 moldm™3
H,S04 at 25°C for 14 days, 60 days and 90 days respectively. Samples (5) and (6)
were obtained by treatment with 0.1 moldm~3 H,SO, for 4 days at 40°C and 70°C
respectively. (7) Is P25 standard. All fitting curves were obtained by fitting data
points to Eq. (2).

adsorption equation

_ asathdSCE )
T 14+KE Ce

ads
where ag,; corresponds to the amount of ethanol forming a mono-
layer on the surface of adsorbent (molg~!) and kgds is the constant
of adsorption of ethanol (dm3mol~1), C¢ is the concentration of
ethanol in gas phase (mol dm~3). For most of the samples when con-
centration of ethanol in the air exceeds 0.1 mmol dm~3 the surface
of nanotubes and nanoparticles becomes saturated with adsorbed
molecules of ethanol. Values of the adsorption constant (kg 45) and
saturation concentration (as,¢) for titanate nanotubes and nanos-
tructured TiO,, estimated by fitting the data from Fig. 4 to Eq. (2),
are shown in Table 1. It is remarkable that acid assisted trans-
formation of titanate nanotubes to rutile or anatase nanoparticles
results in a considerable decrease in both K,4s and as,: values. Tak-
ing into account that the value of specific surface area of titanate
nanotubes is similar to that of rutile nanoparticles obtained after
90 days acid treatment at 25 °C (see Table 1), such a decrease in asat
can be explained by dramatic modification of the surface nature
resulting in lowering of the amount of adsorption sites. Usually,
transformation of titanate nanotubes into nanostructured TiO, is
also accompanied by significant (but not to zero) decrease in the
density of surface ion-exchangeable —OH groups [22], which are
probably associated with adsorption sites for ethanol. Modification
of the surface also decreases its affinity to ethanol molecules by
lowering the interaction energy between adsorbate and adsorbent
and decreasing the adsorption constant K,gs.

Such a difference in adsorption properties of the samples can
affect significantly the apparent kinetics of photocatalytic oxida-
tion of ethanol vapours on their surface, mechanism of which has
been thoroughly studied and showed formation of several principal
intermediates in the gas phase [37,38]. The kinetic rate of ethanol
degradation using TiO, photocatalysts usually can be described [39]
using Langmuir-Hinshelwood expression:

W= k] asathdSCE (3)
1+ Ka];:dsCE + K;ﬁjsq\ +K§dSCF
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Fig. 5. Kinetic curves of photocatalytic oxidation ethanol on the surface of (1) initial
titanate nanotubes, (2-4) titanate/rutile mixed nanostructures obtained by treat-
ment of nanotubes with 0.1 moldm~3 H,S04 at 25°C for 14 days, 60 days and 90
days respectively and (5) P25 standard reference. Initial concentration of ethanol
in gas phase C} varies between 0.133 and 0.055 mmoldm~3 (see Table 1). Mass of
photocatalyst is ca. 50 mg. The intensity of incident light (310nm <A <380nm) is
1.37 x 10'7 quanta/s. Temperature is 25 °C. Relative humidity is ca. 70%.

where W is the ethanol oxidation rate per volume of illuminated
catalyst, k; is the photocatalytic reaction rate constant, C; and k; ds
are the concentration and binding adsorption constant of the i com-
ponent (E=ethanol, A=acetaldehyde, F=formaldehyde). Eq. (3) is
validated only under assumptions that the background concen-
tration of oxygen is constant and the final product CO, does not
inhibit photocatalytic process. Large variation in both K; ds and dsat
for different samples obtained by acid treatment of titanate nan-
otubes can complicate comparison of their photocatalytic activity.
In order to accurately compare activity of nanostructured TiO, and
titanates, the rate constant of photocatalytic oxidation, k; can be
calculated using Eq. (3) and used as a comparison parameter. Addi-
tional simplifications can be achieved by measuring the initial rate
of ethanol oxidation, when C4 =0 and Cg=0 and surface coverage
by acetaldehyde and formaldehyde is negligible.

In order to study the activity of nanostructured TiO, and titanate
in the reaction of photocatalytic oxidation of ethanol vapours,
the choice of experimental conditions had to satisfy the follow-
ing requirements. The concentration of ethanol in gas phase before
irradiation but after adsorption on the surface of catalyst (Cg) was
selected to be approximately 0.1 mmol dm~3 allowing the reaction
to proceed on the ethanol-saturated surface of the photocatalyst
(see Fig. 4) and resulting in the apparent zero order kinetics of
ethanol degradation. The required amount of injected ethanol (vE)
was calculated using the equation

asacKE, COm

ads
1+KE

ads

VE= Qv + (4)
where Vis the volume of the reactor and m is the mass of catalyst.
The parameters K aEdS and as¢ for each sample were estimated from
adsorption experiments (Table 1). All samples had similar mass
were illuminated with the same intensity of light. The oxygen was
in excess in order to neglect the decrease of its concentration during
the reaction.

Fig. 5 shows kinetic curves of photocatalytic degradation of
ethanol on the surface of nanostructured TiO, obtained via acid
transformation of titanate nanotubes. Photocatalytic oxidation of
ethanol is accompanied by the release of intermediate acetalde-
hyde and finally CO, (data are not shown here). For most of the
samples, except for P25, the kinetic curves of ethanol oxidation fol-
low a linear relationship with time, indicating the saturation of the
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Fig. 6. The rate constant of photocatalytic oxidation of ethanol vapours (k;) and
Langmuir adsorption constant (K,q4s) of ethanol on the surface of nanostructured
TiO, obtained by treatment of titanate nanotubes (TiNT) with 0.1 moldm~3 H,SOy4.

catalyst surface with ethanol at least during first 40 min of the reac-
tion. This has allowed accurate measurements of the initial rate of
ethanol decomposition WP (see Table 1), determined as the initial
slope of the plot (Cg/C?) vs. time multiplied by the product of C?
and the volume of the reactor V. Although the amount of injected
ethanol into the reactor was calculated using Eq. (4), the result-
ing concentration of ethanol in the gas phase after adsorption and
before illumination C? varied between 0.137 and 0.055 mmol dm—3
(see Table 1) due to the experimental error of determination of KaE s
and asyc parameters.

The values of WP, KE,~ and dasar allow us to determine the
apparent rate constant of photocatalytic oxidation of ethanol on
nanostructured TiO, (k1) using Eq. (3). For this calculation it is
assumed that des and as; determined in the dark conditions can
be applied to Eq. (3), which consider these values under illumina-
tion. This assumption, however, still can be applied as was shown
elsewhere [40]. The resulting values of k; are shown in Table 1
and Fig. 6. The rutile nanoparticles obtained at 25 °C after 90 days
treatment are characterized by a high value of k;, which is slightly
higher than that for P25. Such an increased value of reaction rate
constant can be associated with the small size of nanoparticles
together with their good crystallinity, providing efficient collec-
tion of photogenerated carriers by their surface and improving the
quantum yield of the photocatalytic reaction. An additional factor
contributing to overall good performance of rutile nanoparticles
can be also associated with their poor adsorption properties, lead-
ing potentially to efficient desorption of the products of ethanol
oxidation, thus unblocking the surface of the photocatalyst. Besides,
observed impurities of anatase phase (~2%) can also stimulate effi-
cient charge separation of photogenerated carriers in anatase/rutile
interface [32] decreasing the rate of their recombination. Overall
performance of such rutile nanoparticles, however, is still lower
than that for P25 due to the low value of ethanol monolayer density
and adsorption constant.

The comparison of the sample 3 with 4 (Table 1) shows that
insignificant rise in rutile content from 95% to 98%, accompanied
by disappearance of initial titanate and appearance of anatase
impurities result in an increase of reaction rate ki as well as the
small rise of the specific surface area of the sample. At the same
time, both ethanol adsorption constant KaE 4s and monolayer density
asat are decreasing. Such spontaneous change of many parame-
ters indicates considerable change in the nature of the surface of
nanostructured TiO, materials.
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Catalysts obtained by acid treatment under elevated temper-
atures are also characterized by increased photocatalytic activity
relative to the initial titanate nanotubes (see samples 5 and 6
in Table 1). However, no strong effect of mixed phases on the
improvements associated with effective charge separation in the
interface can be detected. Although HRTEM data shows good inter-
face between different phases (anatase/rutile) (see e.g. Fig. 3),
the photocatalytic activity of such samples cannot be unambigu-
ously interpreted to confirm the beneficial effect of mixed phase
improvement. The difficulties in interpretation of the photocat-
alytic data are linked to several effects simultaneously occurring
during the acid assisted transformation of titanate nanotubes and
affecting the activity of photocatalysts. These are formation of a
new crystal phase (anatase or rutile), accompanied by a modifica-
tion of the surface properties of samples, including specific area
and affinity for organic molecules. Further optimisation of the acid
treatment of titanate nanotubes, however, may potentially lead to
formation of mix phase nanostructured composites with optimal
surface properties for high photocatalytic activity.

Preliminary studies have shown that the anaerobic irradia-
tion with UV light of nanostructured TiO, and titanate nanotubes
suspended in water-alcohol mixture in the presence of Pd/SiO,
co-catalyst results in scavenging of photogenerated electrons by
protons and water molecules, generating gaseous hydrogen and
simultaneous oxidation of ethanol to acetaldehyde by photogen-
erated holes according to established radical chain reactions [41]
or spillover mechanisms [42,43]. Controlled tests with only co-
catalysts showed no generation of hydrogen from alcohol-water
mixture in the wide range of temperatures (up to 60°C). The
nanoparticles of rutile show highest activity in the reaction of
photogeneration of hydrogen (see Fig. 7) indicating the practical
importance of such unusual material.

4. Conclusion

The treatment of titanate nanotubes with diluted sulphuric
acid results in their transformation to TiO, nanostructures, the
morphology and crystal phase of which depend on duration
and temperature of the treatment. The decrease in tempera-
ture decelerates the transformation leading to formation of rutile
nanoparticles. The transformation at elevated temperatures usually
leads to rapid formation of anatase nanoparticles.

Nanostructured TiO, (both rutile and anatase) obtained via an

acid route are characterized by areduced adsorption constant (K aEd $)

and surface coverage (asat ) for ethanol vapour at room temperature.
Such a decrease in affinity towards ethanol is tentatively associated
with modification of the surface nature rather than specific surface
area (BET), which remains approximately unchanged during acid
transformation of titanate nanotubes.

Studies of photocatalytic activity of TiO, nanostructures have
shown that rutile nanoparticles obtained after 90 days of treatment
titanate nanotubes with 0.1 mol dm~3 H,S04 at 25 °C are character-
ized by higher activity in the reaction of hydrogen generation and
similar activity in the reaction of ethanol oxidation as compared to
standard P25. Such unusually high photocatalytic activity of rutile
nanoparticles is probably connected with the unusual reduced tem-
perature of their synthesis positively affecting the nature of the
photocatalyst surface.

This preliminary photocatalytic studies suggest that acid treat-
ment of titanate nanotubes can be considered as perspective route
for preparation of photoactive nanostructured mix phase TiO,.
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