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a b s t r a c t

Titanate nanorods with high photocatalytic activity was successfully synthesized through a simple
catalyst-free hydrothermal method. The photocatalytic degradation of a model organic dye (Reactive Red
198) was accelerated by the calcination of the nanorods prior the reaction. The calcination of nanorods
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did not modify their morphology, however the crystallinity of the samples was significantly improved.
Therefore, the quality of the samples is a key parameter determining their activity in the investigated
photocatalytic process. The as-produced and annealed catalysts were characterized by high-resolution
transmission electron microscopy (HR-TEM), X-ray diffraction (XRD), Diffuse Reflectance (DR) UV–Vis

ectros
hemical synthesis
atalysis
ptical properties

and resonance Raman sp

. Introduction

In the past decades, one-dimensional (1-D) nanostructures have
eceived significant attention due to their remarkable electronic,
agnetic, optical, catalytic and mechanical properties and poten-

ial applications in nanodevices [1–4]. Among the various oxide
nd non-oxide 1-D nanostructured materials, titanate nanostruc-
ures (nanotubes, nanorods, nanowires, nanoribbons and whiskers)
ave received great attention due to their wide application in
hotovoltaic cells, photocatalysis, catalytic supports and gas sen-
ors [1,5–8]. Various methods for the preparation of 1-D titanate
anomaterials such as combining sol–gel processing, sonochem-

cal synthesis and pyrolysis route are used [9–11]. Nevertheless,
ne of the most promising synthesis of those nanomaterials is
ydrothermal treatment of titania powder containing different
rystallography (rutile, anatase and brookite) in a strong aqueous
olution of NaOH or KOH. Kasuga et al. (1998–1999) [12] prepared
iO2-derived nanotubes with diameter of about 8 nm using this
echnique. The main advantages of this method are its simplicity,
eproducibility and no need to use the catalysts. Therefore, there
s no issue with sample purification after the preparation what is

idely studied e.g. in case of carbon nanotubes synthesis [13].

The photocatalytic activity of titanate nanostructured materi-

ls has been intensively studied by many researches [1,5–8,14].
or example, S. Mozia et al. [14] reported that titanate nanotubes
TNTs), produced via hydrothermal method, exhibited no photoac-
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tivity toward degradation of model azo dye (Acid Red 18). However,
they stated that TNTs have been successfully applied in photocat-
alytic generation of CH4 and H2 in a solution of acetic acid. H. S.
Hafez [15] produced single-crystalline anatase TiO2 nanorods via
a two-step, hydrothermal treatment of anatase/rutile TiO2 pow-
der and acid-post treatment. The photocatalytic performance of the
prepared nanorods was tested in the photocatalytic degradation of
the commercial Ciabacrown Red textile dye under UV illumination.
Authors indicated that anatase TiO2 nanorods are highly active in
the dye removal. J. Yu et al. [8] obtained mesoporous anatase TiO2
nanofibres with high photocatalytic activity by hydrothermal post-
treatment of titanate nanotubes. The annealing of titanate tubes
at 200 ◦C resulted in the destruction of nanotubular structure and
the formation of anatase TiO2 nanofibres. They reported that the
photocatalytic activity of TiO2 nanofibres exceeded that of Degussa
P25.

In the present work, titanate nanorods were prepared via a
hydrothermal treatment of titanium dioxide (TiO2-Degussa P25)
in 10 M NaOH solution at 210 ◦C for 24 h, followed by washing
with HCl solution and distilled water. The effect of calcination
of as-produced nanorods on their morphology was investigated.
Finally, the photocatalytic activity of as-produced and calcinated
photocatalysts was evaluated. As a model reaction the photocat-
alytic decolourization of organic dye RR198 (Reactive Red 198) was
applied.
2. Experimental

2.1. Materials

Commercial TiO2-P25 (Degussa P25, Germany) with crystalline structure of ca.
80% anatase and ca. 20% of rutile and sodium hydroxide (Aldrich) were used for

dx.doi.org/10.1016/j.jallcom.2011.02.069
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The molecular formula of Reactive Red 198.

he synthesis of titanate nanorods. Reactive Red 198 (RR198) produced by “Boruta
olor” company (Poland) was selected as a model contaminant. The photocatalytic
ecolourization of RR198 solution over produced catalysts will be investigated.
R198 is a water-soluble azo-dye with molecular formula presented in Fig. 1.

.2. Preparation of titanate nanomaterials

Titanate nanorods were hydrothermally synthesized as follows: 2 g of TiO2-P25
as added to 50 cm3 of aqueous solution of 10 M NaOH. This was poured into teflon-

ined stainless steel with a capacity of 70 cm3. The sealed autoclave was heated to
10 ◦C and maintained at this temperature for 24 h. The final product was collected
y filtration and washed with 0.1 M HCl (to eliminate sodium ions incorporated in
he structure). Afterwards it was re-dispersed with the assistance of ultrasounds.
ow sample was washed again with distilled water until the pH of supernatant

eached 7, and finally dried in air at 70 ◦C for 24 h. The sample prepared in the above-
escribed way will be labeled as S. Finally the sample S was divided into three equal
atches and each of the batch was calcinated at 400 ◦C, 500 ◦C and 600 ◦C in air for 3 h,
espectively. The calcinated materials will labeled as ST (T means the temperature
f calcination).

.3. Experimental procedure and techniques

The morphology and chemical composition of the prepared samples were exam-
ned using a high-resolution transmission electron microscopy (HR-TEM-FEI Tecnai
30) and energy dispersive X-Ray spectrometer (EDX) as its mode. The crystallo-
raphic structure of the samples were characterized by X-ray diffraction (XRD)
nalysis (X’Pert PRO Philips diffractometer) using a CuK� radiation. The optical
roperties of the materials were investigated by means of Diffuse Reflectance (DR)
V–Vis technique using Jasco (Japan) spectrophotometer. Additionally, resonance
aman study was performed using resonance Raman Renishaw InVia Microscope
ith laser length 785 nm.
.4. Determination of photocatalytic activity

The photocatalytic activity of the as-prepared (S) and annealed (ST) was exam-
ned in the reaction of the photocatalytic decolourization of the organic dye. The
hotocatalytic reaction was carried out in an open glass reactor containing 20 cm3

f a model solution of RR198 (initial concentration-30 mg/dm3) and 10 mg of the
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ig. 2. XRD patterns of TiO2-P25 (a), S (b), S400 (c), S500 (e) and S600 (f) (A-anatase,
-rutile, B-TiO2 (B), T–Na2TiO3 and H–H2Ti5O11·H2O).
Raman shift [cm-1]

Fig. 3. Raman spectra of samples: (a) TiO2-P25, (b) S, (c) S400, (d) S500 and (e) S600.

catalyst. Firstly, the mixture was suspended in the ultrasonic bath for 0.5 h. After-
wards, the solution was irradiated using 60 W lamp. Next, it was filtered through a
0.45 �m membrane filter. The evaluation of the dye concentration was performed
by means of UV–Vis spectrophotometer (Jasco V-530, Japan) at fixed wavelengths
of 518 nm (RR198).

3. Results and discussion

The crystal structure of the starting material TiO2-P25 (pattern
a), nanorods (S-pattern b) and calcinated nanorods at 400 ◦C, 500 ◦C
and 600 ◦C (S400, S500 and S600-patterns-c–e) were identified by
XRD as shown in Fig. 2. TiO2-P25 is a mixture of anatase (JCPDS card
no. 21-1272) and rutile (JCPDS card no. 34-180). The detailed phase
analysis of the sample S (pattern b) revealed that it was a mixture of
sodium titanate (Na2TiO3, JCPDS card no. 00-011-0291) and hydro-
gen pentatitanate (H2Ti5O11·H2O, JCPDS card no. 00-044-0131). It
means that the sodium ions removal from the sample S was not
fully efficient and sodium in the form of Na2TiO3 remained in the

sample S. Moreover, Fig. 2 shows that the samples S400 and S500
are composed of TiO2 (B) (JCPDS card no. 00-046-1238). TiO2 (B) is
metastable polymorph titanium dioxide formed by the dehydration
of layer or tunnel structured hydrogen titanate (it is also named as

160155150145140135130125120
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Fig. 4. Normalized Raman spectra of the S400, S500 and S600 samples at 142 cm−1.
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Fig. 5. TEM images of S (a), S400 (b), S500 (c) and S600 (d) samples.
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onoclinic TiO2) [16]. The increase of the calcination temperature
o 600 ◦C (S600) led to the appearance of anatase phase as a main
hase, but the diffraction peaks of TiO2 (B) were simultaneously
etected. Here, the puzzling is that the sodium titanate phase was
ot detected in XRD patterns of S400, S500 and S600. This means
hat sodium could evaporate during the calcination process. It was
lready reported that the annealing could change the phase com-
osition of the sample e.g. X. Zhang et al. [17] observed that the
rotonated titanate (H2Ti2O5) was fully dehydrated and converted

nto TiO2 (B) phase at temperature of 500 ◦C and into anatase phase
t 600 ◦C. W. Li et al. [18] suggested that annealing of H2Ti5O11
avored the formation of a TiO2 (B) structure, whereas H2Ti2O5
nderwent the transition into anatase. Moreover, Z.-Y. Yuan [19]
eported that H2Ti5O11·H2O was completely dehydrated and re-
rystallized into TiO2 (B) in the temperature range of 400–600 ◦C.
n the temperature range of 700–900 ◦C, the metastable TiO2 was
ransformed into anatase, which was then changed into rutile
hase.

Fig. 3 shows the resonance Raman spectra of the pristine TiO2-
25 (spectrum a), and the produced samples (spectra b–e). In this
gure it is clearly seen that the spectrum of the TiO2-P25 shows
ix peaks: at ∼142 cm−1; 191 cm−1; 396 cm−1; and 445 cm−1 of
ery weak intensities, and well pronounced bands at 516 cm−1

nd 639 cm−1. Five of those peaks (142 cm−1; 191 cm−1; 396 cm−1;
16 cm−1; and 639 cm−1) are assigned to anatase phase while one
eak (445 cm−1) corresponds to rutile [20,21]. In the case of the
ample S (spectra b) the bands at ∼197 cm−1, 271 cm−1, 432 cm−1,
69 cm−1, 603 cm−1 and 676 cm−1 are observed. The Raman modes
t about 198 cm−1, and in the region of 224–339 cm−1 (∼271 cm−1)
re assigned to the stretching mode of Ti–O–Na [9]. The bands at
69 cm−1 and 603 cm−1 correspond to the bending and stretch-

ng vibrations of Ti–O bonds, respectively. The band at 676 cm−1

s attributed to Ti–O–Ti stretching vibrations [22]. Raman peaks in
he region of 224–339 cm−1 corresponding to the Ti–O–Na stretch-
ng vibration in all annealed samples are not detected. This clearly
ndicates the absence of sodium ions in the S400, S500 and S600
anorods. This is in agreement with XRD analysis. Raman spectra
f the calcinated samples (S400, S500, and S600) show five peaks
t 142 cm−1, 191 cm−1, 396 cm−1, 516 cm−1 and 639 cm−1 which
re characteristic for anatase phase of TiO2. The tendency of the
ntensity enhancement of all the bands corresponding to anatase

ith the temperature increase is detected. The normalized Raman
pectra of samples S400, S500 and S600 at 142 cm−1 are presented
n Fig. 4. Here, the increase of the calcination temperature results
n the narrowing of the width at half of the maximum intensity
FWHM) of this peak. The increase of the intensity of the peaks,
nd the decrease of FWHM can be attributed to the improvement
n the crystallinity of the annealed samples [23,24].

The morphology and chemical composition of the samples were
tudied using HR-TEM and EDX as its mode. The TEM images of the
amples S, S400, S500 and S600 are presented in Fig. 5. Fig. 6 shows
he histograms of the rods diameter distribution in the samples. The
ample S consists of nanorod particles with diameter in the range
f 18–50 nm. The samples S400, S500, and S600 show a rod-like
orphology similar to the starting sample S. However, the diame-

er distribution of the nanorods of the calcinated samples gradually
roadened upon the thermal treatment. The samples S400, S500,
600 are composed of nanorods with the diameter distribution in
he range of 30–90 nm, 25–90 nm and 22–90 nm, respectively. The
iameter distribution of the heated samples increases by the factor
f two in respect to the starting material (S). This can be explained

y the fact that the annealing step changes the phase composi-
ion of the samples what was described in the previous section.
he sodium titanates underwent decomposition to Na and proba-
ly to TiO2. Those TiO2 fraction of the sample could become a part of
lready existing TiO2 rods and therefore responsible for the sample
Fig. 6. Histograms presenting the diameter distribution of nanorods: (a) S, (b) S400,
(c) S500 and (d) S600.

diameter distribution broadening. H. Yu et al. [1] studied the influ-
ence of calcination temperature (temperature range of 300–900 ◦C)
on the structure of H-titanate nanowires and noticed the increase
of nanorods diameter in the samples calcinated above 600 ◦C. Even,
the presence of nanorods with diameter over 200 nm at 900 ◦C has
been observed. In our contribution the calcination of sample S at
temperature range between 400 ◦C and 600 ◦C did not result in the

modification of the length of the produced nanorods. The length of
the nanorods ranged from ∼100 nm to several �m for all produced
nanorods (S, S400, S500, and S600). Moreover, it is noticed that S,
S400, S500, S600 nanorods exhibit well crystallized layered struc-
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nd (e) S600 (The inset-Kubelka–Munk plot for band gap evaluation of TiO2-P25
ample).

ure. Sample S has a layer spacing of 0.96 nm. The layer spacing of
he calcinated samples was getting lower in respect to the sam-
le S. The decrease of the layer spacing of the calcined nanorods
an be attributed to the phase transformation from Na2TiO3 and
2Ti5O11·H2O (S) to TiO2 (B) and anatase (ST). This can be explained
y the effect of dehydration of the H2Ti5O11·H2O during the calci-
ation. The layer spacing of S400, S500 and S600 is about 0.48 nm,
.61 nm and 0.63 nm, respectively. In general, the increase of the
alcination temperature expands the interlayer spacing in the crys-
al structure of nanorods, but does not reach the value of the sample
.

Table 1 presents quantitative analysis of EDX spectra of the sam-
les. S400, S500 and S600 demonstrated the absence of sodium in
he nanorods. Those samples are composed only of oxygen and tita-
ium. This results is in agreement with XRD and Raman analysis.
nly in sample S sodium was detected. Moreover, the quantitative
nalysis gave an approximate Ti:O weight ratio of 58:42, 59:41 and
9:41 for S400, S500 and S600, respectively. It is very close to the
atio of TiO2 (60:40).

In order to estimate the band gap of the samples the opti-
al analysis was conducted. Fig. 7 presents the DR-UV–vis spectra
f pristine TiO2-P25 (spectrum a), and samples S, S400, S500,
600 (spectra b–e). A UV–vis absorption reflects the gap between
he valence and conduction band of the studied samples. Here
n each spectrum of all the samples a single UV absorption edge
s detected. These absorption edges shifted toward the shorter

avelength in comparison to the pristine TiO2-P25. This indicates
he increase of the band gap energy. To determine their band

aps, the Kubelka–Munk method based on the diffuse reflectance
pectra was employed. The gap energy of the samples can be esti-
ated from a plot of (F(R)h�)1/2 versus photon energy (h�), where

(R) = (1 − R)/2R (F(R) is the Kubelka–Munk function, R-reflectance)

able 1
DX quantitative analysis of the S, S400, S500, S600 samples.

Sample Elemental weight (%)

O Ti Na

S 40.13 56.45 3.43
S400 41.55 58.44 X
S500 40.68 59.32 X
S600 41.03 58.97 X
Fig. 8. Photocatalytic decolourization of RR198 in the presence of S, S400, S500 and
S600 samples.

[14,23]. For example, the inset in Fig. 7 shows the plot of (F(R)h�)1/2

versus photon energy (h�) for TiO2-P25. The estimated band gap
energy of TiO2-P25 is equal 3.05 eV (This is the same as previ-
ously described in the literature [25,26]). It was calculated that the
produced nanorods (S) had band gap energy of 3.42 eV which is
larger than the TiO2-P25. It was also observed by H. Jia et al. [27].
Moreover, the calcination of nanorods in the temperature range of
400–600 ◦C caused the decrease of their band gaps in respect to
sample S. The band gap energy of S400, S500 and S600 is about
0.06 (3.36 eV), 0.21 (3.21 eV) and 0.24 eV (3.18 eV) lower than that
of nanorods S, respectively. Additionally, the band gap of S600 is
close to the band gap value of anatase. It stands from fact that the
S600 contains the anatase phase of TiO2 (as a main phase) and small
fraction of TiO2 (B). It is well known that the band gap energy of
anatase is equal 3.2 eV [28–30]. The band gap of TiO2 (B) (S400 and
S500) is larger than that of anatase. This results is in agreement
with previous reports [1,31].

Finally, the photocatalytic activity of the produced materials (S,
S400, S500 and S600) has been tested in the decolourization reac-
tion of a model organic dye (RR198-Reactive Red 198). Reactive
red 198 was already investigated using TiO2 powder [32]. In order
to determine the photostability of investigated azo-dye (RR198)
a photolysis experiment (i.e. without addition of photocatalysts)
was performed. The comparison of RR198 decolourization with
and without studied photocatalysts is presented in Fig. 8. This fig-
ure shows a plot of C/C0 versus time (t), where C is concentration
of the dye at the certain time and C0 is initial concentration of
dye (mg/dm3). The as-prepared nanorods (S) exhibit low photo-
catalytic activity in the studied reaction. This activity is close to
the photolysis of RR198. However, the annealed nanorods signif-
icantly accelerated its decolourisation. This could be attributed to
the enhancement of the samples crystallinity (quality) upon the
annealing. This means that the improved crystallinity of the cat-
alysts is a key factor improving their photocatalytic activity. This
could be due to the fact that the number of defect sites, regarded
as a major pathway of the recombination between photogenerated
electrons and holes, could be reduced, and the space change separa-
tion become more efficient [33]. Moreover, the sample S600, which
shows the highest photoactivity, is composed of two crystal phases,
such as anatase and TiO2 (B). Therefore, the highest photocatalytic
activity of S600 can be explained by two effects: (i) improved
crystallinity and (ii) the phase composition which might be advan-

tageous in the separation of photogenerated electrons and holes
reducing the recombination [18,34]. W. Li et al. [18] stated that TiO2
(B) possesses higher valence (CV) and conduction (CB) bands edge
potential than anatase. Therefore, the holes generated in anatase
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ould migrate toward the TiO2 (B) phase because of the higher
alence band (VB) edge potential. While, the photoinduced elec-
rons in the conduction band of TiO2 (B) could favor migration to
he anatase phase exhibiting lower conduction band potential [18].
n our case, when the band gap energy of the calcinated nanorods
ecreased the photocatalytic activity of the calcinated nanorods

ncreased. It means that the lower band gap energy allows lower
nergy photons to excite electron-hole pairs, which then can react
ith adsorbed molecules.

As described in the introduction section, the photocatalytic
ctivity of different nanostructured materials has been intensively
tudied [1,5–8,14,15,27,35,36]. Many researches [1,14,35,36] indi-
ated that nanorods and nanotubes produced in the hydrothermal
eaction exhibited no photocatalytic activities. It was also described
hat photocatalytic activity of those structures strongly depend
n the calcination temperature [1,35,36] what is also shown in
ur study. For example, H. Yu [1] and J. Yu [35] et al. studied
hotocatalytic oxidation of acetone in the presence of calcinated
-titanate nanowires and titanate nanotubes. It is interesting that
uthors obtained the similar relationships for both kinds of inves-
igated nanostructures (nanowires and nanotubes). They found
hat as-prepared nanowires and nanotubes showed no photocat-
lytic activities in the above mentioned reaction. They also state
hat the calcinated nanomaterials exhibited higher activities than
s-prepared samples. For the calcination temperature lower than
00 ◦C, the produced nanowires and nanotubes did not show any
ctivities. When the calcination temperature increased to 500 ◦C,
heir photoactivity also increased. Further increase of the calcina-
ion temperature (600–800 ◦C) caused the decrease of the sample
ctivities. M. Qamar et al. [36] studied the photocatalytic activity of
itanate nanotubes in the reaction of photooxidation of amaranth
s a function of sodium content and the calcination temperature.
hey also found that as-prepared nanotubes, with and without
odium content exhibited no photocatalytic activity. However, the
hotocatalytic activity of the nanotubes drastically increased after
alcination of the sample prior the reaction.

Therefore the annealing of the candidates as photocatalysts
eems to be a crucial to determine their activity. This indicates that
o evaluate the photocatalytic activity of the catalyst the system-
tic study with the annealed material should be also performed.
his clearly could expand specialized and industrial applications of
he nanostructured TiO2 materials.

. Conclusions
In summary, titanate nanorods (S) with a diameters of about
8–50 nm and layer spacing of 0.96 nm were synthesized via the
ydrothermal reaction of TiO2–Degussa P25 and NaOH solution

n the temperature of 210 ◦C. The effect of calcination tempera-
ure (400–600 ◦C) on morphology and photocatalytic activity of

[
[
[
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the as-produced nanorods were investigated. Here we proved that
the diameter distribution of the calcinated nanorods broadened in
comparison to the as-prepared material. Moreover, the calcination
of as-produced nanorods lead to the significant enhancement of the
photocatalytic efficiency of this materials in the decolourization of
RR198. Therefore, the calcination step is crucial in order to enhance
the photocatalytic activity of nanorods.
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