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Xin YAN', Cui-lian ZHAO', Yi-long ZHOU', Zhen-jun WU', Jian-min YUAN?, Wen-sheng LI'

1. College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China;
2. College of Materials Science and Engineering, Hunan University, Changsha 410082, China

Received 29 March 2014; accepted 30 September 2014

Abstract: Perovskite ZnTiO; was prepared through a new method which contained a hydrothermal process for the preparation of
titanate nanotubes and an ion-exchange process. The titanate nanotubes were inferred to be H,Ti;0,-3H,0. X-ray diffraction (XRD)
result revealed the presence of cubic perovskite phase of ZnTiO;. The unique chain-like morphology of ZnTiO; was observed by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). UV—Vis diffusive reflection spectra of ZnTiO;
indicated that the absorbance obviously increased in the visible light region. The degradation rate of methyl orange solution (15 mg/L)
reached 95.3% over ZnTiO; (0.3 g/L) after 20 min xenon light irradiation, which was higher than that using the commercial catalyst
P25 under the same reaction condition. The degradation kinetic results follow the first-order equation and the rate constant is 0.1020.
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1 Introduction

The removal of organic pollutants in wastewater is a
huge task in environmental protection, because they have
led to serious contamination in many countries
worldwide. Photosensitized degradation on an applicable
catalyst has been proven to be the most widely used
method. Therefore, searching for a catalyst with high
efficiency has caught much attention [1,2] for good
piezoelectric properties [3], catalytic properties and
damping properties [4]. Since the phase equilibriums of a
ZnO-TiO, system were reported by DULIN and RASE
in the 1960s [5], some unique physical and chemical
properties of perovsktite-type ZnTiO; have been
investigated, such as the low band gap (2.88 eV), high
dielectric constant (¢=19), high quality factor (0=3000),
and small temperature coefficient of the resonant
frequency (z=55%10"%°C) [6]. ZnTiO; plays an
important role in photocatalysis [7], microwave dielectric
material [6], gas sensor [8] and desulphurization [9].

ZnTiO; partially decomposes into Zn,TiO, and
rutile at about 945 °C [10]. Methods for preparing
perovskite materials at lower temperatures include
adding a glass phase [11], a sol—gel process [12,13],
pulsed-laser deposition (PLD) technique [14], etc.

Nevertheless, adding a glass phase lowers the stability
factor and tolerance factor, which is attributed to the
presence of impure ZnTiO; [15]. In addition, preparing
ZnTiO; by a sol—gel process consumes expensive soluble
Ti*' salts such as TiCly and Ti(OC,Hs)4 as raw materials,
thus increasing the manufacturing cost. Pulsed-laser
deposition (PLD) technique reacts on substrates, which is
used for preparing thin films. Ion-exchange with titanate
nanotubes is an attractive method for doping titanate
nanotubes [16,17]. Multilayer titanate nanotubes
displayed a high ion-exchange activity and CoTiO; was
synthesized by the ion-exchange method using titanate
nanotubes at lower temperatures [18]. It has shown a
new method to prepare perovskite compounds at low
temperature, which just uses TiO, and metallic salts as
raw materials.

In this work, ZnTiO; nanocomposites were
successfully synthesized by a method that combined a
hydrothermal process for the preparation of titanate
nanotubes [19] with an ion-exchange process for the
exchange of Zn*" with H'. Due to the electron-capture
capacity, Zn*" was used for ion-exchange with H' in the
perovskite structure to enhance the -electron—hole
separation efficiency. This synthesis strategy for the
preparation of the material is low raw material cost and
simple operation than traditional methods. Herein, we
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firstly synthesized the chain-like ZnTiO; material with
high surface area and thus enhanced the surface
properties of the material. Because of the introduction of
Zn*" and the special morphology, the photocatalyst
showed good photocatalytic performance, which was
investigated by the degradation rate of methyl orange
under the irradiation of xenon light.

2 Experimental

2.1 Sample preparation

Titanate  nanotubes  were  synthesized by
hydrothermal treatment in alkaline solution [20]. Firstly,
10 mol/L NaOH was added into the rutile powder and
then autoclaved at 120 °C for 24 h. Secondly, the slurry
was rinsed with deionized water until the pH value
reached 8. After being filtrated and dried, the obtained
titanate nanotube powders were characterized by
the inductively coupled plasma—atomic emission
spectrometry (ICP—AES, Baird PS—6) to detect the
content of Ti in the titanate nanotubes. Zn(NOs),"4H,0
and the titanate nanotube powers were mixed in water in
the stoichiometric ratio of 1:1. The mixture was strirred
and heated to 80 °C after adjusting the pH value to 6.
The final precipitates were washed with deionized water
several times to avoid the physical adsoption of Zn*" and
NO; . The solid product was filtrated and dried, followed
by calcination at 700 °C for 3 h in air. After being ground,
the catalyst powder was obtained.

2.2 Characterization

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis of precursor
powders were conducted by a thermoanalyser
(NETZSCH STA 409 PC/PG) in nitrogen atmosphere
over the temperature range of 30—1100 °C at a constant
heating rate of 10 °C/min. The phase and crystal
structure were characterized by X-ray diffraction (XRD,
Rigaku D/Max 2500) using Cu K, (1=1.542 A) radiation
in the scan range from 5° to 80°. The microstructure of
the products was detected by filed-emission scanning
electron microscopy (FESEM, JSM 6700F) and
transmission electron microscopy (TEM, Tecnai G* F20
S-Twin). UV—Vis diffuse reflectance spectra (DRS) were
recorded on a UV—Vis spectrophotometer (Cary 300,
USA) with an integrating sphere.

2.3 Photoactivity evaluation

The photodegradation of aqueous methyl orange
was carried out in a 250 mL pyrex glass vessel under a
500 W xenon lamp. Aqueous suspensions of methyl
orange (250 mL) were placed in a vessel and the
photocatalyst was added. Prior to irradiation, the
suspensions were magnetically stirred in dark condition

for 10 min to establish adsorption—desorption
equilibrium. At certain time intervals, 8 mL aliquots were
sampled and centrifuged to remove the particles. The
filtrates were analyzed by recording variations of the
maximum absorption peak (465 nm for methyl orange)
using a Shimadzu UV—1800 spectrophotometer.

3 Results and discussion

3.1 Characterization of protonated titanates

Figure 1 shows the XRD pattern of the protonated
titanates. No standard pattern can be found in powder
diffraction file (PDF) cards that matches with the XRD
pattern of protonated titanates in Fig. 1. The XRD pattern
of protonated titanate is similar to the results of many
other researches [16,21,22], in which H,Ti;0;,-nH,0O has
been certified. In order to determine the value of n,
protonated titanates were dissolved in sulfuric acid
(103 mg/L) to detect the content of Ti element by the
ICP-AES, the result was 47.4 mg/L, which revealed that
the content of Ti element in H,Ti;0;-nH,O was 46.02%.
Furthermore, the Ti content in H,Ti;O;:3H,O was
46.08%. Therefore, the chemical composition of titanate
nanotube was represented as H,Ti;O;-3H,0.

(200)

@11)
(110) |

(020)

10 20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD pattern of protonated titanates

Figure 2 show typical transmission electron
microscopy (TEM) images of the as-prepared
H,Ti;O,-:3H,O at low and high magnifications,
respectively. The size of the randomly aligned and high
dispersed H,Ti;O;:3H,0O shown in Fig. 2(a) is about
20 nm in width and several nanometers in length. More
detailed information of the structure presented in the
high-magnification TEM image is shown in Fig. 2(b),
which indicated that H,Ti;0;-3H,O nanotubes showed a
layer structure and tube shape. By observing the interior
of H,Ti;07-:3H,0 nanotubes (Fig. 2(b)), we can see that
the tube thickness is uneven, which is different from the
result in many researches [23,24]. ZHANG et al [25]
reported the formation mechanism of H,Ti;O; nanotubes
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and pointed out that the multiwall spiral nanotubes were
transformed from the uneven sheets for the asymmetrical
environment. It might be the reason for the uneven tube
thickness. It is of vital importance for the preparation of
the final product to synthesize the H,Tiz;0;-3H,0 with
layered and tubular structure, which displays good
ion-exchange property [18,26,27].

3.2 Characterization of prepared ZnTiO;
Figure 3 shows the TG/DSC curves of the zinc

Fig. 2 TEM images of H,Ti;0;3H,O nanotube structures:
(a) Low magnification; (b) High magnification
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Fig. 3 Results of thermal analysis of zinc titanate precursor

titanate precursor powders after vacuum drying treatment
at 40 °C for 12 h. The shape of the TG curve is similar to
that of the titanate nanotube reported by YANG and
SWISHER [28]. The mass loss rate below 100 °C is
about 5.8 %, which is attributed to evapration of surface
adsorbed water. The mass loss from 100 °C to 300 °C is
due to the loss of hydroxyl (—OH) groups between
layers [29] and the mass loss from 300 °C to 570 °C is
ascribed to the loss of —OH groups between layers,
corresponding to a DSC exothermic peak at 237 °C and a
broad exothermic peak, respectively. It reveals that the
product consists of a great deal of hydroxyl structures
between the layers. These explanations are reasonable
considering the layered structure of nanotubes [18]. The
sample mass changes little after 570 °C and the weak
DSC peak at 614 °C should be a transition to crystalline
phase. According to the above analysis, titanate
nanotubes display a layered structure with —OH groups.
Furthermore, the —OH groups disappear after 570 °C
and return to a thermal stable structure. It is suggestive
that ZnTiO; may be synthesized above 600 °C. This
point is further addressed in the following three different
synthetic processes.

Figure 4 shows the XRD patterns of the zinc titanate
precursor powders calcined at different temperatures for
3 h. On the basis of the TG and DSC investigations, we
studied samples calcined from 600 °C to 750 °C. At
600 °C, the XRD pattern shows the presence of anatase,
due to the reflection peaks located at (220), (311), (511)
and (440) (JCPDS card No. 39—0190, unit cell a=b=c=
8.408 A). However, samples calcined at 600 °C for 3 h
have shown the coexistence of ZnO, Zn,TiO4 and
anatase. KRYLOVA et al [30] have reported that the TiO,
and Zn,TiO4 are decomposed from Zn,Ti,O., which is
regarded as the intermediate in this work. The samples
heat-treated at 700 °C for 3 h exhibit the pure crystalline
phase of ZnTiO; without any peaks from the other
impurity. When the temperature increases to 750 °C,
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=— Zn,Ti;O4
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Fig. 4 XRD patterns of samples calcinated in air at different
temperatures
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several peaks related to Zn,Ti;0g (JCPDS card No. 39—
0190) and anatase appear. YANG and SWISHER [28]
have pointed out that Zn,Ti;Og is a thermodynamically
stable compound up to temperature between 700 °C and
800 °C. Therefore, the better temperature to synthesize
ZnTiO; is at 700 °C. The reaction of ZnTiO; can be
represented by the following equation:
Zn(NOs),4H,0+H,Ti;07-3H,0— Zn,Ti,0.— ZnTiO;
(D
Figure 5 shows the SEM and TEM images of
ZnTiO; specimens after a solid-state treatment at 700 °C
for 3 h. The shape of ZnTiO;s is similar to chain. These
chain-like ZnTiO; nanocomposites do not present a
hollow structure, and the primary layer structure of
titanate nanotubes has also been replaced by a chain-like
structure with many nodes. According to the TEM image
shown in Fig. 5(b), there is no clear boundary between
two nodes. That is to say, the chains are not formed by
simple arrangement of particles but a whole structure.

Fig. 5 SEM (a) and TEM (b) images of chain-like ZnTiOs
specimens

Regarding to the formation of chain-like structure of
ZnTiO;, it formed in the final calcination process,
because the nanotube structure still remained after ion-
exchange without other external forces [18]. A great deal
of hydroxyl groups between the layers released during
the heating process, resulting in the partial collapse of
the nanotubes. This explanation agrees well with the TG
and DSC analyses shown in Fig. 3. On the other hand,
the zinc ions can improve the stability of titanate
nanotubes for its bigger radius than H. Figure 5(b) shows

that the nanotubes subsided partly, resulting in the
chain-like structure of ZnTiOs.

3.3 UV—Vis diffuse reflection spectra (DRS)

The UV—Vis diffuse reflection spectra of raw
material, intermediate and final product are presented in
Fig. 6. Compared with TiO, powders, the protonated
titanates show stronger absorption intensity, indicating
that the introduction of H and the formation of tubular
structure lower the energy gap [18] and hence expand the
light spectrum response range. Owing to the stronger
electronegativity of Zn, the band gap of ZnTiO; is
narrower than the protonated titanates [31], resulting in
the improvement of absorption intensity in the visible
light region and obvious redshift. Therefore, the
photocatalytic activity of ZnTiO;is enhanced. The direct
optical band gap estimated from the absorption spectra
for the unique chain-like ZnTiO; is shown in Fig. 6. An
optical band gap is obtained by plotting (ahv)* vs ho,
where a is the absorption coefficient and /v is photon
energy. Extrapolation of the linear portion at (ahv)’=0
gives the band gap of 2.99 eV for the ZnTiO; material.
Thus, for our chain-like ZnTiOs, the minimum energy
required for the excitation of an electron from valence to
conduction band is lower than that for the pure anatase
TiO, and ZnO (about 3.2 V).

(axhv)*/10'3eV?
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Wavelength/nm
Fig. 6 DRS for TiO,, H,Ti;O; and ZnTiO; (inset shows
estimated band gap of chain-like ZnTiOs)

3.4 Photocatalytic activity of ZnTiOs

The photocatalytic activity of as-prepared ZnTiOs
was further evaluated by the degradation of aqueous
methyl orange under xenon light irradiation. The
concentration of the photocatalyst varied from 0.1 to
0.5 g/L. A blank experiment was carried out to test the
degradation effect of xenon light. As shown in Fig. 7, the
degradation rate of methyl orange solution (10 mg/L)
reaches 56.7% in 20 min under the irradiation of xenon
light without adding any photocatalyst, which indicates
that xenon light presents photocatalytic property.
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However, the degradation rate showed obvious increase
after adding ZnTiO; photocatalyst. The photocatalytic
degradation rate was enhanced with the concentration of
ZnTiO; increasing from 0.1 to 0.5 g/L, because both the
active sites on catalyst surface and the absorption of light
by the catalyst increased with the increase of catalyst
quantity. The shapes of three curves were similar with
each other because the reaction process was related to the
initial concentration of methyl orange and light
strength [32]. When the concentration of ZnTiO; was
0.3 g/L, 95.3% methyl orange was removed in 20 min
under xenon light irradiation, so the rest of the
experiments were carried out in this concentration. In
order to further evaluate the degradation ability of the
obtained chain-like ZnTiOs, the degradation efficiency of
methyl orange was compared with the standard
photocatalyst P25. As shown in Fig. 7, the degradation
rate is 87.8% under the same reaction condition when the
concentration of P25 was 0.3 g/L. The result indicates
that the photocatalytic performance of the chain-like
ZnTiO; 1is slightly better than that of P25. The
photocatalytic activity of P25 is similar to the result of
Ref. [33].

100 —
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Fig. 7 Effect of ZnTiO; concentration on degradation rate of
methyl orange and comparison with commercial catalyst P25

The effect of initial concentration of methyl orange
solution on the photocatalytic process was examined.
The reactions of dye decomposition were carried out in
the range of 5—-15 mg/L. As shown in Fig. 8, the
photocatalytic activity of ZnTiO; showed a big
difference with the initial concentration of methyl orange
solution varied from 5 to 15 mg/L. It can be observed
that the photocatalytic degradation rate decreases as the
initial concentration of methyl orange solution increases.
The degradation rate reached 99.3%, when the dye
5 mg/L. The photocatalytic
degradation of aromatic compounds was related to the
formation of hydroxyl radicals [34], which were formed
by the reaction of holes with adsorbed OH and H,O.

concentration was

When the concentration of methyl orange increased, the
generation of -OH would be reduced since there were
only fewer sites available for the adsorption of OH .
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Fig. 8 Effect of initial methyl orange concentration on
degradation rate of methyl orange

The photocatalytic degradation generally follows a
Langmuir—Hinshelwood mechanism [35]. The kinetics
curve of the reaction of 15 mg/L methyl orange solution
degradated by 0.3 g/L ZnTiO; is shown in Fig. 9. After
fitting, the equation is In(cy/c)=0.5557+0.1020¢
(R=0.99012). It indicates that the degradation reaction
can be expressed by the first order reaction kinetic model
and the rate constant is 0.1020.
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Fig. 9 Kinetics curve of photocatalyst degradation

3.5 Photocatalytic mechanism

In general, the photocatalytic cycle comprises three
steps. Firstly, when irradiated under the simulated solar
light, the electrons of ZnTiO; were excited from the
valence band (VB) to the conduction band (CB), leaving
an equal number of vacant sites (holes). In this step,
owing to the stronger electronegativity of Zn, the band
gap of ZnTiO; than the protonated
titanates [31], resulting in the improvement of absorption
intensity in the visible light region and obvious redshift,

1S narrower
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which makes it easier for the excitation of electrons;
Secondly, the excited electrons and holes migrate to the
surface. In this step, a large proportion of electron—hole
pairs recombine, dissipating the input energy in the form
of emitted light. The Zn®" ions act as electron traps
retarding electron—hole recombination and enhance
interfacial hole transfer to degrade the organic dye
adsorbed on the surface of the particles; Thirdly, the
photoinduced electrons of the CB could be transferred to
the dissolved oxygen to form superoxide anion radicals
(Oy7), which subsequently transform to active oxygen
species, such as HO,-, ‘OH and H,0O,. On the other hand,
the remaining holes at the valence band of ZnTiO;
reacted with adsorbed water or surface hydroxyl groups
(—OH) to produce -OH radicals [36]. These -OH
radicals and the holes were responsible for the
degradation of methyl orange. The major initial steps in
the mechanism under visible irradiation are summarized

by Egs. (2)—(6).

ZnTiOs+hv—>e+h’ 2)
et0,— 0, 3)
0y +H;0"—>-OH+HO,+H,0, 4
h'+H,0/OH —-OH+H" (5)
‘OH or h" + azo dye—>degradation (6)

4 Conclusions

1) The chain-like perovskite ZnTiO;
nanocomposites have been synthesized by the
ion-exchange method combined with a hydrothermal
process, which is used to prepare the as-synthesized
nanostructured H,Ti;0,-3H,0O with a layered and tubular
structure.

2) The introduction of Zn ions enhanced the
stability of titanate nanotubes and could avoid damaging
the titanate nanotube structure. The unique morphology
was transformed from titanate nanotubes. This change in
morphology made the surface area larger and enhanced
the surface properties. The procedures meet the criteria
for effective industrial application. The described
procedure might also be used to prepare other perovskite
composite oxides.

3) The chain-like ZnTiO; material exhibited
excellent performance on the photocatalytic degradation
of methyl orange in a short time, making it a potential
alternative for removal of azo dyes in wastewater.
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