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Abstract

Titanate nanotubes (TNTs) were prepared from TiO, P25 via hydrothermal method.
The reaction temperature was 130 or 140°C and the reaction time was 24 or 48h. The samples
were characterized by transmission electron microscopy, X-ray diffraction, thermogravimetry
and N, adsorption as well as Raman, FTIR-DRS and UV-Vis/DR spectroscopy. The obtained
samples exhibited similar properties, regardless of the preparation temperature and time. The
most notable difference between properties of TNTs prepared under different conditions was
observed in case of BET surface area, which was increasing from 386 m?*/g to 478 m%/g
along with increasing the reaction time and temperature. Based on TEM, XRD and TG
measurements we have suggested that the structure of TNTs was H,Ti,04(OH),. The TEM
and Raman spectroscopy measurements showed that the obtained products contained also low

amount of anatase phase. The TNTs exhibited no photoactivity towards degradation of model



azo dye Acid Red 18. However, TNTs were successfully applied for photocatalytic generation
of CH,4 and H; in a solution of acetic acid. The amount of methane produced with application
of TNTs synthesized at 140°C was about 2.5 times higher than that generated with use of
TiO, P25. To the best of our knowledge this is a first report on the photocatalytic generation

of hydrocarbons using TNTs in the current state of the art.

Keywords: A. nanostructures, B. chemical synthesis, C. Raman spectroscopy, D.

thermogravimetric analysis (TGA)

1. Introduction

Since Kasuga et al. [1] described a novel hydrothermal method for titanate nanotubes
(TNTs) formation, the investigations on preparation and properties of these species have
attracted attention of numerous researchers. More than a decade later, the structure of TNTs
as well as their properties are still a problem under discussion. Although the hydrothermal
method of synthesizing of TNTs seems to be quite simple, the products obtained in different
laboratories differ significantly from one to another. Due to the fact that different TNTs
precursors (amorphous TiO,, anatase, rutile, mixture of both phases, such as P25, etc.) and
reaction conditions were applied, the obtained nanotubes exhibited different surface areas,
pore volumes, sodium content, etc. The main inconsistencies, however, concern crystal
structure of nanotubes and their photocatalytic activity. The present debate over the crystal
structure of titanate nanotubes, as summarized by Ou et al [2], is among the following:
anatase TiO,, lepidocrocite HyTiy—x4x404 (x~0.7, : vacancy), trititanate H,Ti;07/ Na,Ti;07/

NayH; «Ti307, bititanate H,Ti,04(OH),/ Na,Ti,04(OH),/ NayH,Ti,05-H,O or tetratitanate



H,Ti409-H,0. From all the above mentioned structures, NayH, < Ti,04(OH), [3-6] and NayH,.

x 11307 [7-9] seem to be the most probable. Recently, Kochkar et al. [10] presented the results
of the investigations on the effect of different preparation conditions on TNTs structure. They
reported that, dependent on the reaction time and temperature, as well as NaOH concentration,
different structures, such as amorphous titania, anatase TiO,, bititanates (H,Ti,0s-H,0) and
trititanates (Na,Ti305) could be obtained. Amorphous phase was also observed in case of
samples treated with highly concentrated (20M) NaOH [9].

The photocatalytic activity of TNTs has been another unanswered question. In the
“Introduction” section of numerous papers [11-15] it can be found that titanate nanotubes
have potential applications in photocatalysis. However, the data on this subject which are
presented in literature are rather limited and inconsistent. Yu et al [16] investigated
photocatalytic oxidation of acetone in air in the presence of TNTs synthesized hydrothermally
at 150°C for 48h. The authors found that prior to calcination, the nanotubes showed no
photocatalytic activity. Similar observations were published by Qamar et al. in [17]. The
researchers reported that the as-prepared nanotubes, with or without sodium contents, showed
no photocatalytic activities towards amaranth degradation. Baiju et al. [18] presented results
on the photocatalytic degradation on methylene blue (MB) on a mixed nanobelts-nanotubes
titanate obtained via hydrothermal method at 150°C for 30h. The authors found that the
sample exhibited very high adsorptivity towards MB. However, the photocatalytic activity
was very low. Tachikawa et al. [19] investigated the photocatalytic one-electron oxidation
reaction of 4-(methylthio)phenyl methanol (MTPM) in presence of titanate nanotubes, using
time-resolved diffuse reflectance spectroscopy. The efficiency of the reaction was found to be
rather low, although the TNTs exhibited some photocatalytic activity. On the other hand,
significant activity of H titanate nanotubes towards synthetic dye sulforhodamine degradation

under UV light was reported by Zhu et al. [20]. After 1h of irradiation about 15% of the dye



was photodegraded. Nakahira et al. [21] reported 60 to 70% photodegradation of HCHO in
the presence of TNTs. According to Xiao et al. [22], titanate nanotubes synthesized
hydrothermally at 130°C for 24h revealed photocatalytic activity toward Rhodamine B (RhB)
degradation with efficiency similar to that of P25. Photocatalytic activity of as-prepared TNTs
towards methylene blue (MB) degradation and oxidation of NO to NO, was reported by
Inagaki et al. [23]. Similarly, Geng et al. [24] observed photodegradation of MB in the
presence of TNTs. After 7h of irradiation about 25% of MB was degraded (vs. ca. 5% during
photolysis), what was accounted for the photosensitized capability of MB molecules. Recently,
Costa et al. [25] reported a considerable photocatalytic activity of titanate nanotubes towards
degradation of indigo carmine dye, although it was lower than that of anatase TiO,. In the
presence of TiO; the dye solution was completely decolorized during 60 min of the reaction,
whereas the time of decolorization in the presence of the nanotubes was almost twice longer
(110 min). The authors found that a great advantage of TNTs in comparison with traditional
TiO; catalyst was that nanotubes were easily recovered from the solution. As reported by the
authors, the nanotubes can be recycled and re-applied in numerous photodegradation cycles,
maintaining 90% of their activity after 10 cycles of the reaction. In contrast, the precursor of
Ti0, catalyst lost its activity during the second catalytic cycle [25].

Taking into consideration that in a majority of reports already published the structure
of TNTs was studied on a basis of TEM and XRD measurements only, we have tried to
investigate the physico-chemical properties and structure of the nanotubes in more details.
The comprehensive analysis led to the estimation of the composition of TNTs, which was
deduced to be H,Ti,04(OH),. The structure of the TNTs was determined on a basis of TEM,
XRD, TG and N; adsorption measurements as well as Raman, FTIR-DRS and UV-Vis/DR
spectroscopy. Additionally, the photocatalytic activity of the nanotubes was investigated. The

experiments concerned (i) decolorization of a model azo dye Acid Red 18 and (ii) possibility



of photocatalytic generation of hydrocarbons (mainly methane) and hydrogen in the presence
of hole scavenger such as acetic acid. To the best of our knowledge this is a first report on the
photocatalytic generation of hydrocarbons using TNTs in the current state of the art.
Interestingly, we have found on a basis of the experiments performed with equal catalyst
loadings that the evolution of hydrocarbons was significantly higher in the presence of TNTs

than in the process in which commercial P25 was applied.

2. Experimental

2.1. Synthesis of TNTs

Commercial TiO; P25 (Evonik, former Degussa, Germany) was used as a starting
material for TNTs preparation. The P25 consists of 75% of anatase and 25% of rutile. The
BET surface area of P25 is ca. 50 m”/g and the crystallite size of anatase is 25 nm (all data
according to the manufacturer). TNT were hydrothermally synthesized as follows. 1.5 g of
P25 was introduced to a Teflon-lined autoclave (70 cm’) containing 60 cm® 10M NaOH. The
suspension was ultrasonically treated for 1h in order to allow good dispersion of TiO,
particles in the reaction mixture. After that the autoclave was heated statically at 130 or 140°C
for 24 or 48h (the samples are therefore denoted later as TNT130,24; TNT130,48; TNT140,24
and TNT140,48). After the heat treatment the NaOH solution was decanted and the obtained
precipitate was dispersed in 0.5 dm’ of 0.1M HCI. After 1h the precipitate was separated from
the HCI solution and dispersed again in 0.5 dm? of fresh 0.1M HCL. After the next 2h the
precipitate was washed thoroughly with deionized water (Simplicity, Millipore) until the
conductivity of washing solution reached the value of 1 uS/cm or less. Eventually, the

precipitate was dried in air at 80 °C for 24h.



2.2. Characterization of TNTs

Transmission electron microscopy (TEM) images were recorded using FEI Tecnai F20
microscope. Samples were prepared by dispersing the powder in acetone by ultrasonic
treatment, and then dropping the suspension onto a copper grid (400 mesh). X-ray diffraction
(XRD) analyses were performed on a powder diffractometer Philips X’Pert PRO (CuKg,
35kV, 30 mA). Raman spectra were measured using 785 nm laser line (Ejaser = 1.58 €V) with
a Renishaw InVia Raman microscope spectrometer. FTIR/DRS measurements were
performed using Jasco FT-IR 430 (Japan) spectrometer equipped with a diffuse reflectance
accessory (Harrick, USA). UV-VIS/DR spectra were recorded using Jasco V 530
spectrometer (Japan) equipped with the integrating sphere accessory for diffuse reflectance
spectra. BaSO4 was used as a reference. Thermogravimetric measurements were carried out
with use of STA 449C Jupiter® thermobalance (Netzsch Company, Germany). Thermal
analysis was conducted under 25 cm’/min air flow in 30-1000 °C temperature range and
heating rate was 10 °C /min. BET surface area was determined by N, adsorption at 77 K

(Autosorb 3, Quantachrome, USA).

2.3. Photocatalytic decolorization of Acid Red 18

The photocatalytic reaction was carried out in an open-air glass reactor containing 400
cm’ of a model solution (30 mg/dm”) of azo dye Acid Red 18 (AR18, Co0H;N;Na3010S3,
Chemical Factory Boruta — Kolor Sp. z 0.0., Poland) and 0.3 g/dm’ of P25 or TNTs. The
photocatalyst loading was selected on a basis of our previous investigations on degradation of

AR18 in the presence of P25 [26]. The mixture in the reactor was continuously stirred during



the experiment. After 15 min of adsorption in the dark, the reaction mixture was illuminated
with a mercury lamp emitting UV-A light (Philips Cleo, 6 x 20W, Ayay=365 nm). The UV
lamp was positioned above the reactor. After a defined time of irradiation the samples of
reaction mixture were filtered through a 0.45 m membrane filter and analyzed. The
decolorization rate of AR18 was estimated on the basis of changes in UV/VIS spectra (Jasco
V530 spectrometer, Japan). In order to determine the photostability of the model azo dye
under the conditions applied a photolysis experiment (i.e. without addition of a photocatalyts)
was performed. As found, after 5 h of illumination the concentration of the dye in the reaction
solution remained unchanged. It means that no decomposition of the model compound took

place. Therefore, it can be stated that the system was working in a pure photocatalytic regime.

2.4. Photocatalytic generation of methane and hydrogen

The photocatalytic reaction was conducted in a cylindrical glass reactor (Heraeus, type
UV-RS-2) equipped with medium pressure mercury vapour lamp (TQ-150, Amax=365 nm).
The volume of the reactor was 765 cm’. In the upper part of the reactor a gas sampling port
was located. At the beginning of the experiment 0.35 dm’ of CH3COOH (1mol/dm®) and 0.35
g of a catalyst were introduced into the reactor. After that N, was bubbled through the reactor
for at least 3h to ensure that the dissolved oxygen was eliminated. Then, the N, flow was
stopped and UV lamp, positioned in the center of the reactor, was turned on to start the
photoreaction. The mixture in the reactor was continuously stirred during the experiment.
Gaseous products were analyzed using GC SRI 8610C equipped with TCD and HID detectors,
and Shincarbon (carbon molecular sieve; 2m, Imm, 100-120 mesh) and molecular sieve SA

(3m, 2mm, 80-100 mesh) columns. Helium was used as a carrier gas.



3. Results and discussion

3.1. Physico-chemical properties of titanate nanotubes

Fig. 1 shows TEM images of TNTs prepared under different conditions. The
nanotubes were scrolls with unequal number of walls on the two tube sides. The walls usually
consisted of 3-4 layers. The distance between the layers, estimated from TEM measurements,
was about 0.8 nm, what is in an agreement with the literature data [10,27,28]. The outer
diameter of the nanotubes was in the range of 7.5 — 11.0 nm, whereas the inner diameter
ranged from 4.5 to 6.5 nm. No correlation between the time and temperature of the
hydrothermal treatment and the diameters of TNTs could be found.

Fig. 2. presents XRD patterns of the starting material (P25) and TNTs prepared under
different conditions. The diffraction pattern of P25 exhibits peaks of anatase and rutile. No
anatase or rutile phases were detected in the XRD spectra of TNTs. Three characteristic peaks
positioned at 26 24, 28 and 48° in the diffraction patterns of nanotubes, have been assigned to
the diffraction of titanates such as A,Ti,0s - H,O, A,Ti307, and lepidocrocite titanates [29].
Furthermore, the very weak peak at 26~ 9.5° observed in the patterns corresponds to the
distance between the layers in TNTs walls.

According to Zhang et al. [5,6,30,31] the most probable structure of TNTSs is
Na,Ti,04(OH); (or H,Ti;04(OH); in case of the replacement of Na” ions by H"). These
structures can be also presented as Na, Ti,Os - HO and H,Ti,0s5 - H,O, respectively [29]. The
H,Ti,04(0OH); exhibits an orthorombic structure, having lattice parameters of a=19.26,
b=3.78 and ¢=2.99 A [5,6]. Chen et al. [32] suggested that the structure of TNTs is H,Ti;0;

(monoclinic, a=16.03, b=3.75, ¢=9.19 A and 4~=101.45°). They explained that the interlayer



spacing of H,Ti305 is 0.78 nm, which is the same as that they observed in the nanotubes using
SAED and HRTEM. Trititanate was also proposed as a structure of TNTs by Morgado et al.
[9]. They found that the interlayer distance varied between 0.80 and 0.90 nm, i.e. was close to
the d values of 0.78 and 0.84 nm in bulk trititanates H,Ti;07 and Na,Ti;07, respectively.
Lepidocrocite-type titanate nanotubes with general formula HyTi;x/4x4O4 (orthorombic,
a=3.783, b=18.735, c=2.978 A) was obtained by Ma et al. [33]. According to the authors the
interlayer distance measured by ED was about 0.8 nm, which was lower than the dozo (0.93
nm) in lepidocrocite-type titanates. The difference has been attributed to the decrease of
interlayer distance as a direct consequence of the loss of hydrated water during microscopic
observations carried out under high vacuum. Taking into account this phenomenon, Ma et al.
[33] concluded that the lepidocrocite-type titanate is more probable structure than trititanate.
They have explained that the reported interlayer distance in H,Ti307 of 0.78 nm, which was
calculated on a basis of TEM and electron diffraction (ED) measurements cannot be accurate
and is most likely underestimated due to the loss of hydrated water under vacuum. Similar
conclusions were reported by others [10, 27].

Taking into account that the interlayer spacing obtained from TEM measurements (0.8
nm, Fig. 1) is most probably underestimated, what was explained above, we suppose that the
structure of the synthesized TNTs is probably H,Ti,04(OH),. As was mentioned earlier, the
peak at 20~ 9.5° (Fig. 2) representing the d spacing of the (200) planes (dxo) in
H,Ti,04(OH); corresponds to the distance between adjacent layers in a multilayered nanotube
(compare Fig. 1) [31]. Zhang et al. [6] reported that the intensity and position of this peak
depends on the amount of inter- and intralayered —OH groups. The authors observed increased
intensity of the (200) peak as a result of increasing heat treatment temperature from 100 to
500 °C. Moreover, at temperatures exceeding 300°C the position of this peak was shifted to

higher 28 angles. Considering that the obtained TNTs contained very high amount of water



(17-20 wt%, see discussion on TG data), the very low intensity of the (200) peak (Fig. 2)
seems to be reasonable.

The relative ratio of 110 to 600 peaks intensities can be used as a measure of sodium
content. As shown in Fig. 2 the peak 600 is much less intensive than the 110 one. This
suggests replacement of most of Na™ ions by H' during washing with 0.1M HCI [29].

As reported by Tsai et al. [29,34], samples obtained by washing at strongly acidic pH
(1.6) were composed of anatase (major one) and protonic titanate. Washing with HCI at pH
0.38 led to formation of anatase phase only. This suggests that the transformation of protonic
titanate to anatase under acidic conditions took place. The authors concluded that there was a
coexistence of neighboring phases in some pH regimes [29]. Similarly, Lee et al. [35] found
that during treatment of TNTs with 0.1M HCI the anatase phase was formed instead of
layered titanate structure. This was confirmed by XRD measurements.

In view of the above, using 0.1M HCI in our procedure should result in the presence of
anatase phase in the prepared samples (Fig. 2). However, as was mentioned earlier, neither
anatase nor rutile peaks were identified in the XRD patterns of TNTs. On the other hand,
careful observations of the TEM images (Fig. 1), confirm, in addition the nanotubes,
presence some ball-shaped structures in the material. In view of fact that no anatase or rutile
were formed, it can be deduced that these structures were amorphous TiO,. However,
according to the literature [9,10] presence of amorphous titania was observed in the case of
treatment with highly concentrated NaOH and was not observed in case of 10M NaOH. The
XRD analysis can not detect phases at very low concentrations. Therefore, Raman
spectroscopy was used to investigate the structure the ball-shaped species. Raman spectra of
P25 and titanate nanotubes prepared under different conditions are presented in Fig.3.

The spectrum of P25 exhibits modes at 143 cm’ (Ey), 195 cm’ (E,), 398 cm’ (Big),

515 cm™ (Ay,) and 638 cm™ (E,), which are characteristic for anatase [36]. Moreover, rutile
g g



active mode at 447 cm’' (E,) was also detected. Compared to P25, the TNTSs exhibit relative
weak Raman peaks what might be attributed to a poor crystallinity. In the spectra measured
for nanotubes the peak corresponding to E, mode of anatase is shifted, compared to that in the
P25 spectrum, by 5 — 10 cm’” (148 - 158 vs. 143 cm’l) for TNT130,24 - TNT140,48,
respectively. An occurrence of this peak demonstrates formation of the tetrahedron structure
in the nanotubes [37]. According to Qian et al. [37] the blueshift might be caused by oxygen
deficiency. Particularly intensive peak at 148 cm™ observed in TNT130,24 spectra may
suggest higher, compared to other samples, content of anatase. Moreover, it could be
supposed that in case of TNT130,24 some amount of anatase from P25 remained unchanged
and did not form the tubular structure. Thus, this peak might represent not only the newly
formed anatase, but also the remains of anatase from P25. In case of the other samples the
intensity of the discussed peak was significantly lower than that for TNT130,24. This suggests
that presence of anatase is not associated with its residues from P25 only, but also, as was
reported by Tsai et al. [29], that the transformation of protonic titanate to anatase under acidic
conditions took place. Other peaks which might be related to anatase structure were found at
189 cm™ and 390 cm™ and were red shifted compared to the peaks measured in P25 sample.
A broad and very weak peak can be observed in spectra of the TNTs samples at about 650 cm’
' Tt is very difficult to assign this peak to a defined mode as one might find even two maxima
in this region — one about 636 cm™ and the second one at about 668 cm™ . The former
maximum might be attributed to E; mode of anatase, whereas the latter one has been reported
to be due to Ti-O-Ti [38] or Ti-O-Na [39] vibrations in nanotubes. Another peak which might
be assigned to Ti-O-Na vibrations in TNT structure was identified by Bavykin et al. [38] at
917 cm™. However, in the obtained Raman spectra (Fig. 3) this peak was not clearly detected.
This could be explained by the exchange of Na' to H' during the washing step [38,39]. The

peak at 270 cm™ with a shoulder at 286 cm™ can be attributed to TNT only, since it was not



present in the P25 spectrum. This peak corresponds to Ti-O vibrating modes in titanates
[37,40]. In Fig. 3 a well defined peak at 450 cm™ can be also observed. This peak could be
assigned to E, mode of rutile, although it is blueshifted compared to the rutile peak present in
the Raman spectrum of P25 (447 cm™). Moreover, the intensity of this peak in TNTs samples
is higher than in case of P25. This might lead to a conclusion that the presence of rutile was
not associated with the residues of unreacted P25, but rutile was formed under the conditions
applied during preparation. The presence of rutile in the TNTs prepared through sonication -
hydrothermal combined method was reported by Ma et al. on a basis of the XRD patterns [41].
The authors supposed that the stable rutile particles did not react quickly enough with NaOH
under conditions applied. Some authors [28] attribute the bands at 450 cm™ to Ti-O-Ti
vibrations in titanate nanotubes themselves, not in rutile. Taking into consideration that no
diffraction peaks of rutile were observed in XRD patterns (Fig. 2), on the contrary to the
results reported by Ma et al. [41], it could be supposed that the discussed bands are associated
with TNTs. However, in order to state this unequivocally, further investigations are necessary.
Summing up, study of Raman spectra of the TNTs indicate that the obtained samples were a
mixture of different phases, anatase, and nanotubular titanates. The presence of rutile TiO, is
questionable, although possible.

Fig. 4 presents the FTIR/DRS spectra of P25 and TNTs obtained under different
conditions. All of the presented spectra exhibit, in the v(OH) region, one band with a
maximum at 3685 — 3700 cm ', which characterize the stretching vibrations of Ti*" — OH
surface hydroxyl groups [42]. The broad band (from about 800 till 400 cm™) was assigned to
Ti-O and Ti-O-Ti skeletal frequency region [43]. The bands observed at 1630 — 1640 cm '
can be assigned to molecular water bending mode [44]. In the range of 3300 — 3500 cm ' the
bands due to adsorbed water and hydroxyl groups can be observed in all of the spectra.

Notably, the content of water adsorbed in the titanate nanotubes was significantly higher than



in P25, owing to the increase of the specific surface areas and pore volumes (compare Table
1).

High water content in the prepared samples was confirmed on a basis of TG
measurements. Fig. 5a shows TG curves measured for TNTs prepared under different
conditions. It can be clearly seen that more significant weight loss (4W) took place in case of
the TNTs prepared at 130°C than in case of those prepared at 140°C. The total (i.e. in the
range of 24 — 1000°C) weight loss amounted to ca. 20wt% and ca. 17wt% for TNTs prepared
at 130 and 140°C, respectively. It was found that the highest difference in the AW for TNTs
prepared at different temperatures was observed below 100°C. The AW between room
temperature and 100°C was about 8wt% and 5.5wt% for samples prepared at 130 and 140°C,
respectively. Taking into consideration that the samples were synthesized during different
periods of time, the observed differences might have been due to the adsorption of water on
prepared materials during their storage and handling. Moreover, since this weight loss was
associated with the release of water physically adsorbed on the samples and cannot be used as
a measure of TNTs structure, there is no need to look more deeply into these results. In case
of higher temperatures the results obtained for TNTs prepared at 130°C and 140°C were
similar one to another. The AW in the range of 100-200 °C was ca. 8.0-8.5wt% and in the
range of 200-500°C ca. 3.5wt%, regardless of the sample preparation conditions. The weight
loss at the temperatures above 100°C is attributed to the dehydration of interlayered and
intralayered -OH groups [45]. No weight loss was observed at temperatures above 500°C.

Fig. 5b shows, as an example, DTG curve obtained for TNTs synthesized
hydrothermally at 130°C for 24h. The DTG curves calculated for the other samples exhibited
similar shape. The broad distinct peak with a minimum at 89°C represents the release of water
physically adsorbed on the samples. The considerable weight loss suggests also high

adsorption capacity of TNTs towards water, including moisture contained in air, which is



associated with high BET surface area (Table 1). From Fig. 5b it can be also found that on the
right edge of the discussed peak a weak shoulder at about 140°C is present. This shoulder
could be related to the desorption of moisture or it might suggest that at this temperature
desorption of chemisorbed water started.

Some authors [8,9,46] have tried to calculate the formula of the TNTs from the TG
measurements. Thorne et al. [46] argued on the basis of the weight loss between 100 and
500°C that the stoichiometry of the TNTs was Hg ¢7T10233-0.28H20 5 or H2Ti307:0.8H2Ogps.
The same phase composition of TNTs was proposed by Morgado et al. [8,9]. The 7-9%
weight loss at temperatures from 100 to 500°C observed by the authors was attributed to the
thermal decomposition of H,Ti307 according to the following reaction: H,Ti;07; — 3TiO; +
H,O0.

In case of our samples such a calculation is rather difficult to be performed because
the obtained materials were not pure TNTs. As was mentioned earlier, we have supposed that
the samples contained some amount of anatase. Since exact content of this “impurity” can not
be estimated, calculation of the chemical formula for the TNTs seems to be not possible.
However, because no diffraction peaks related to this phase of TiO, were observed in the
XRD patterns, an assumption that anatase content in the prepared materials is low, seems to
be reasonable. Therefore we tried to estimate a proximate formula of TNTs from TG results.
As we have discussed earlier, on a basis of the XRD measurement of TNTs (Fig. 2) we
concluded that the samples contain H,Ti,04(OH),. Taking into account results presented by
Zhang et al. [6] we might assume that the dehydration reaction of H,Ti,O4(OH), consists of
two steps which can be illustrated by the following reactions:

H,Ti,04(0OH), — H,0 + HyTi,0s (1)

H,Ti,05 — H,0 + 2TiO;(anatase) (2)



The reaction (1) might be attributed to the weight loss below 100°C, whereas the
reaction (2) might be associated with AW in the range of 100-500 °C. The calculated
theoretical weight loss due to the reaction (2) equals to ca. 10wt%. This value is lower than
the one measured thermogravimetrically (i.e. 11.5-12wt%). The 11.5-12wt% weight loss is,
however, closer to the structural water loss of 10wt% due to the thermal decomposition of
H,Ti,0s, than to the 7wt% due to the decomposition of H,Ti307. Therefore, the structure of
H,Ti,04(OH); seems to be more probable than the H,Ti;0.

On the other hand, if we go back to the DTG curve and take into consideration the
weak shoulder at about 140°C, we might assume that the weight loss due to the release of
physisorbed water did not complete below 100°C, but it proceeded up to 140°C. Thus, the
weight loss which is attributed to the dehydration of interlayered and intralayered OH groups
might be calculated for the temperatures range of 140-500°C. The AW calculated in this
temperature range was about 7.1-7.3%, being the highest for TNT130,24. This value might
suggest that the structure of TNTs was not H,Ti;O4(OH),, but H,Ti307. This way of
calculations, however, seems to be rather doubtful. An additional peak in DTG curve at about
135 °C, can be attributed to the release of interlayer water, as was reported by Morgado et al.
[8]. If the shoulder observed at about 140°C corresponds to the interlayer water, the
calculation mentioned above should not be performed within the 140-500°C range, but for
temperatures from 100 to 500°C, what was discussed earlier. In view of this, again, the
H,Ti,04(0OH); seems to be more probable structure than the H,Ti;0.

The obtained data might lead to a conclusion that estimation of TNTs structure on a
basis of thermogravimetric measurements cannot give reliable results because the TG and
DTG curves obtained for TNTs could be interpreted in several ways. However, it must be
stressed here once again that all of the presented calculations were approximates only because

the samples contained some amount of anatase, what was found from the Raman spectra. The



presence of anatase should affect the value of AW. It could be supposed that in case of the
sample without this “impurity” the weight loss should be even higher than the observed one.

Fig. 6 presents the N, adsorption — desorption isotherms of titanate nanotubes prepared
under different conditions. All samples showed the type IV isotherms with type H3 hysteresis
loops according to IUPAC [47] classification. The initial part of the Type IV isotherm is
attributed to monolayer-multilayer adsorption. Hysteresis appearing in the multilayer range of
physisorption isotherms is usually associated with capillary condensation in mesopore
structures. The Type H3 loop is observed with aggregates of plate-like particles giving rise to
slit-shaped pores [47]. Taking into consideration that titanate nanotubes are multiwalled
scrolls which are believed to be formed through sheet folding or wrapping mechanism [9,15]
it seems to be reasonable that they exhibit the H3 loop. The surface properties of TNTs
determined on a basis of N, adsorption — desorption measurements are presented in Table 1. It
can be observed that the BET specific surface area increased along with hydrothermal
reaction time and temperature. The lowest BET surface area was observed for sample
prepared at 130°C for 24h (386 m?/g), whereas the highest surface area was measured in case
of TNT140,48 (478 m?/g). Similarly, the total pore volume was increasing from 1.31 to 1.69
cm3/g for TNT130,24 — TNT140,48, respectively. The obtained values are consistent with the
literature data [48,49]. For example, Tsai et al. [48] reported that the BET surface area of
TNTs prepared via hydrothermal method at 130°C for 24h was equal to 399 m*/g and the pore
volume was 1.47 cm’/g. Wang et al. [49] prepared titanate nanotubes at 130°C for 20h. The
BET surface area of such prepared samples was equal to 375 m?/g.

On a basis of N, adsorption data the average pore diameter was also calculated (Table
1). The values of this parameter were similar for all the samples and ranged from 13.6-14.2
nm. Taking into consideration that the average inner diameter of TNTs determined from TEM

measurements was in the range of 4.5-6.5 nm it is clear that the method of nitrogen adsorption



overestimates the average diameter of nanotubes. According to Bavykin et al. [15] the method
accounts for the pores not only inside the tubes but also for the pores between the tubes.
These external pores are usually bigger than the internal pores and the size of these pores
depends on the way the nanotubes have been agglomerated into the bundles.

Fig. 7 presents UV-Vis diffuse reflectance spectra of titanate nanotubes prepared at
different temperatures and for different heating times. For comparison, the spectrum of P25
TiO, is also shown. The TNTs spectra, regardless of the samples preparation conditions,
exhibit a similar course and are blue shifted for about 20 nm relative to P25. This indicates the
increase of the band gap energy. Wang et al. [49] attributed the shift to hydration and nano-
size effect of TNTs. To determine the band gap energy (E,) of the samples, the Kubelka-

Munk method was used. The E, values were calculated from the (F(R)hv)l/ 2

versus hv plots,
where F(R) = (1-R)/2R [50]. The absorption edges were found to be 378 nm, which value
corresponds to the band gap energy of E, = 3.28 eV. The absorption edge and E, determined
for P25 were 399 nm and 3.10 eV, respectively. This value is consistent with the already
published results [50]. The literature data [49,51,52] concerning band gap of titanate
nanotubes are inconsistent. Some researchers found that E, of TNT was higher than that of
anatase, whereas others reported inverse relation. For example, Yu et al. [51] reported that E,
of TNTs prepared from rutile ranged from 3.03 to 3.15 eV, depending on the hydrothermal
treatment time. Such low values of E, were associated with a high rutile content in the
prepared samples. Khan et al. [52] found the band gap of 3.1 eV, whereas Wang et al. [49]
determined the E, = 3.6 eV. Bavykin et al. [15, 53] reported E, value as high as 3.87 eV. The
results obtained during our investigations (Fig. 7) show that E, of TNTs was higher than that
of pure anatase (3.23 eV, data not shown), although the difference was negligible.

Summing up, it may be stated that the preparation conditions in the range of the

investigations (i.e. temperature of 130-140°C and time of 24-48h) have no significant effect



on the the physico-chemical properties of TNTs. Nevertheless, notable increase in BET

surface area could be found for samples prepared at higher temperatures and during longer
periods of time. Minor differences in TNTs structure were confirmed by the Raman spectra.
The XRD, TG, FT-IR and UV-Vis/DR measurements suggest that all the samples exhibited

similar properties.

3.2. Photocatalytic behaviour of titanate nanotubes. Decolorization of Acid Red 18

Fig. 8 illustrates changes of AR18 concentration during photocatalytic reaction
conducted in the presence of titanate nanotubes and P25. For clarity, the results obtained with
TNT130,24 only are presented. The results obtained with TNTs prepared at 130°C for 48h
and at 140 °C were similar. During 5h of irradiation the concentration of AR18 remained
practically constant. This indicates that titanate nanotubes exhibited no photoactivity. On the
other hand, when P25 was applied as a photocatalyst the reaction solution was completely
decolorized after 3h of the process. The obtained results are consistent with the photocatalytic
behavior of TNTs observed by Yu et al. [16] and Qamar et al. [17]. The lack of photoactivity
of TNTs clearly shows that titanates such as H,Ti,04(OH); are not active under UV light. The
observed decrease of AR18 concentration for ca. 0.6% during 5h of irradiation might be
associated with accuracy of the measurement or attributed to low content of highly
photoactive anatase in the TNTs sample, what was discussed earlier.

On the basis of the photocatalytic experiments it can be concluded that unmodified, as-
received TNTs have no potential application in photocatalytic removal of organic compounds,

such as azo dyes, from water.



3.3. Photocatalytic behaviour of titanate nanotubes. Generation of hydrocarbons and

hydrogen

To our best knowledge, no investigations on methane formation in the presence of
TNTs and sacrificial agents have been reported up till now. The literature data concerning
photocatalytic generation of methane from organic compounds in liquid phase are very
limited. All of them concern production of CHy4 from aliphatic acids [54-57] and alcohols [58].
In 1970’s Kraeutler and Bard [54-56] published a series of papers concerning photocatalytic
decarboxylation of acetic acid in the presence of Pt/TiO, catalyst. Similarly, Sakata et al. [57]
observed formation of methane and ethane during photodecomposition of acetic and propionic
acids in the presence of TiO, and Pt/TiO,. We expect that development of photocatalytic
generation of methane might be an interesting alternative for the conventional technology of
biogas production based on anaerobic digestion. Aliphatic acids, which are the hole
scavengers, are by-products of photocatalytic degradation of most organic compounds in
water. This suggests that different wastewaters might be potential sources of methane.
Therefore, we have tried to investigate the possibility of methane generation with application
of TNTs. Acetic acid was used as a model compound.

Fig. 9 presents a comparison of the amounts of different gaseous products evolved
during irradiation of CH3COOH solution in the presence of titanate nanotubes or P25. The
hydrocarbon generated at the highest concentration was, regardless of the photocatalyst used,
methane. It is evident that the amount of CH4 obtained during the reaction conducted with
TNTs was significantly higher than in case of P25. After Sh of the process the concentration
of CHy in gaseous mixture was ca. 1.3, 1.6 and 0.6 %v/v for TNT130,24; TNT140,48 and P25,
respectively. Other hydrocarbons identified were ethane and propane. The concentration of

C,Hg was in the range of 0.09 — 0.13 %v/v, and C3Hjg in the range of 0.003 — 0.007 %v/v,



being the lowest for P25. Except from aliphatic hydrocarbons, hydrogen was also detected.
The highest concentration of H, was observed in case of TNT130,24 (0.13 %v/v).
Surprisingly, TNT140,48, being the most efficient in generation of hydrocarbons, was the
least effective in hydrogen production from all the samples used. The highest activity of
TNT140,48 in generation of aliphatic hydrocarbons might be attributed to the high BET
surface area of this sample. The surface area is often reported to be an important factor
affecting the photocatalytic activity of different catalyst. The mechanism of methane
formation is based on the reaction of acetic acid with photogenerated holes leading to
decarboxylation of CH3;COOH [54-57]. High surface area allows better contact between
acetic acid molecules and TNTs surface what might be responsible for better activity of
TNT140,48 than TNT130,24.

The obtained data show that TNTs might be successfully applied for photocatalytic
generation of methane and hydrogen in the presence of sacrificial agents, such as acetic acid.
Most of the literature data [54-57] concerning photocatalytic methane generation, report
application of photocatalysts containing Pt, which is an expensive material. Therefore, further
investigations on application of TNTs in this process seem to be reasonable.

4. Conclusions

The effect of the temperature and time of hydrothermal treatment on physico-chemical
properties of TNTs was investigated. It was found that the obtained nanotubes exhibited
similar properties, regardless of the reaction temperature (130 or 140 °C) and time (24 or 48h).
The most notable difference between properties of TNTs prepared under different conditions
was observed in case of BET surface area, which was increasing with increasing the reaction
time and temperature. Based on TEM, XRD and TG measurements we suggest that the crystal

structure of TNTs was H,Ti;04(OH),. The TEM and Raman spectroscopy measurements



showed that the obtained product was not pure TNTs, but contained small amounts of anatase
phase. The TNTs exhibited no photoactivity towards degradation of model azo dye AR18.
Thus, it can be concluded that that unmodified, as-received TNTs have no potential
application in photocatalytic removal of organic compounds, such as azo dyes, from water.
However, TNTs might be successfully applied for photocatalytic generation of methane and
hydrogen in the presence of sacrificial agents, such as acetic acid. The amount of methane
produced in the presence of TNTs 140,48 was about 2.5 times higher than in case of TiO, P25.
Further investigations on the generation of methane and hydrogen in the presence of TNTs are

in progress.
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FIGURE CAPTIONS



Fig. 1. TEM images of (a-c) TNT130,24, (d-e) TNT130,48, (f-g) TNT140,24 and (h-j)
TNT140,48.

Fig. 2. XRD patterns of TNTs prepared under different conditions and starting TiO, P25; A —
anatase, R- rutile.

Fig. 3. Raman spectra of TNTs prepared under different conditions and starting TiO, P25.
Fig. 4. FTIR/DRS spectra of TNTs prepared under different conditions and starting TiO, P25.
Fig. 5. Thermogravimetric analysis of titanate nanotubes prepared under different conditions;
a) TG curves of different TNTs; b) TG and DTG curves of TNT130,24

Fig. 6. Nitrogen adsorption — desorption isotherms of TNTs prepared under different
conditions.

Fig. 7. UV/Vis-DR spectra of TNT prepared under different conditions and starting TiO, P25.
Fig. 8. Changes of dye concentration in time during photocatalytic degradation of AR18 on
P25 and TNT130,24.

Fig. 9. A comparison of the amount of products obtained after Sh of photocatalytic reaction

conducted in the presence of acetic acid with application of titanate nanotubes and P25.

TABLE CAPTION

Table 1. Selected properties of TNTs prepared under different conditions.



Table 1. Selected properties of TNTs prepared under different conditions.

Sample Synthesis Synthesis BET surface Pore volume Average pore
temperature [°C] time [h] area [m?*/ g] [cm®/ g]a) diameter [nm]*
TNT130,24 130 24 386 1.31 13.6
TNT130,48 130 48 406 1.40 13.8
TNT140,24 140 24 450 1.54 13.7
TNT140,48 140 48 478 1.69 14.2

 Pore volume was determined by nitrogen adsorption at at P/P,=0.995
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Fig. 1. TEM images of (a-c) TNT130,24, (d-e) TNT130,48, (f-g) TNT140,24 and (h-j)

TNT140,48.
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Fig. 2. XRD patterns of TNTs prepared under different conditions and starting TiO, P25; A —

anatase, R- rutile.
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Fig. 3. Raman spectra of TNTs prepared under different conditions and starting TiO, P25.
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Fig. 4. FTIR/DRS spectra of TNTs prepared under different conditions and starting TiO, P25.
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Fig. 4. FTIR/DRS spectra of TNTs prepared under different conditions and starting TiO, P25.
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Fig. 5. Thermogravimetric analysis of titanate nanotubes prepared under different conditions;

a) TG curves of different TNTs; b) TG and DTG curves of TNT130,24.
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Fig. 6. Nitrogen adsorption — desorption isotherms of TNTs prepared under different

conditions.
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Fig. 7. UV/Vis-DR spectra of TNT prepared under different conditions and starting TiO, P25.
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Fig. 8. Changes of dye concentration in time during photocatalytic degradation of AR18 on

P25 and TNT130,24.
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Fig. 9. A comparison of the amount of products obtained after Sh of photocatalytic reaction

conducted in the presence of acetic acid with application of titanate nanotubes and P25.





