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Perovskite structured La,Ti,O; catalyst prepared by polymerized complex method was characterized
and examined the photocatalytic activity by decomposing an azo dyestuff, Reactive Red 22, in aqueous
solutions under UV irradiation. La,Ti;O; powders prepared by polymerized complex method exhibit

Accepted 4 March 2011 higher surface areas, better homogeneity and are more sensitive to solution than those prepared by
solid-state method. The first derivatives of UV-vis DRS patterns confirmed the complete crystallization of
La,Ti, 07 sintered at temperatures higher than 900 °C. The effects of sintering temperature of catalyst and
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22 per unit surface area was found to be higher for experiments using La, Ti O; than using TiO,. However,
the electron-hole recombination was found to be more obvious for La,Ti;O- than for TiO, because the
network of metal cations constructed within La, Ti; 07 enhances the mobility of photogenerated electrons
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1. Introduction

Photocatalytic processes have lately attracted numerous
researches in the area of wastewater treatment, especially for treat-
ing wastewater containing traces of toxic organic substances. A
range of photocatalysts were fabricated and studied extensively
in decomposing different organic contaminants. However, the
rapid recombination of photogenerated electron-hole pairs criti-
cally limits the effectiveness of photocatalytic processes. Recently,
several new perovskite structured photocatalysts with highly
donor-doped layered structures have been found to be com-
petent on photocatalytic applications, including water-splitting
[1-3], Cr(VI) reduction [4], NO oxidation [5] and decomposition
of organic compounds [6,7]. Perovskites contains a cubic struc-
ture with three different ions, as form of ABO3 [8]. A series of
perovskite structured photocatalysts, such as LaNiOs3 [7], BizTi3 013
[9,10], Bi22n2/3_XCuXTa4/3O7 [1 1 ], BiVOy4 [12] and La; Ti» 07 [6], have
been investigated over their photocatalytic properties and applica-
tions. The separation of electrons and holes in the perovskites is
easier than that in other semiconductor materials because of their
narrower depletion layers.

La,Ti» 07 is a layer-structured perovskite that the photogen-
erated electrons possess enough energy to promote hydrogen
production [13,14]. Hwang et al. [15] synthesized various per-
ovskite structured catalysts, including La;Ti; O, LagCaTisO¢7 and
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Sr,Nb, 07, for photocatalytic water-splitting under UV irradiation,
the quantum yields (12-23%) of these catalysts were reported to
be much higher than that (<1%) of TiO,. Abe et al. [2] reported
that the high photocatalytic water-splitting activity of these per-
ovskite structured catalysts could be attributed to their octahedral
structure to enhance the mobility of photogenerated electrons and
holes.

Perovskites are usually synthesized by the solid state reac-
tion (SSR) method in which the precursor oxides are mixed by
dry- or wet-grinding and then sintered at temperatures higher
than 1000°C, for a long period [16]. However, perovskites gen-
erated by this method usually possess less surface area and low
crystalline purity that result in inferior photocatalytic activities.
Perovskites are also synthesized by the polymerized complex
(PC) method, which is carried out by the formation of a poly-
merization network by condensing ethylene glycol, citric acid
and soluble metal precursors [17,18]. PC method is frequently
used in synthesizing homogeneous metal-oxide fine powders with
higher surface areas and more uniform morphology, due to the
well-mixing of metal ions in molecular level and low preparing
temperature [2].

In this study, the perovskites La,Ti, 07 prepared by PC method
and sintered at various temperatures was characterized by a
sequence of analyses, including TG-DTA, XRD, BET, UV-vis DRS and
Zeta potential. Photocatalytic decomposition of a frequently stud-
ied dyestuff, Reactive Red 22 (RR22, molecular structure presented
in Fig. 1), in aqueous solutions using prepared La,Ti, 07 was stud-
ied under various operating conditions and compared with those
using commercial P25 TiO, and La;Ti; O7 prepared by SSR method.
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Fig. 1. Molecular structure of Reactive Red 22.

2. Experimental

Titanium isoproxide (TTIP, Ti(OCH(CHs);)s4, Acros), ethylene glycol (EG,
C,Hg02, Acros), citric acid (CA, C¢HsO7, Acros) and lanthanum nitrate hydrate
(La(NOs3)3-6H,0, Acros) were used as starting materials without further purifica-
tion. Citric acid was used as the metal chelating agent and ethylene glycol as the
polyol [16]. After dissolving 0.1 mol of TTIP in 4 mol of EG, 1 mol of CA was added
to the solution to convert TTIP to stabilize the Ti-citric acid complexes. 0.105 mol of
La(NOs)3-6H,0 was then added to the solution and the mixture was stirred for 1 h
at 50°C until it became transparent. Upon continuous heating at 130°C for several
hours, the solution became highly viscous with a color change to deep brown and,
finally, gelled into a transparent-brown glassy resin. Charring the glassy resin at
350°C for 2 h in a furnace resulted in black powder, which was then grounded into
finer powder referred to as the “powder precursor”. Thermogravimetry-differential
thermal analysis (TG-DTA, PerkinElmer, Diamond TG/DTA) was employed to ana-
lyze the pyrolysis of the powder precursor. The black powder was subsequently
heated in a crucible at 500-1100°C for 2 h, followed by cooling to room temper-
ature to form white La,;Ti;O; powder. The powder was later characterized by a
sequence of analyses, X-ray diffraction (XRD, Regaku, RTP 300RC, Cu Ko radiation of
A=1.5405 A), Brunauer-Emmett-Teller approach (BET, Quantachrome, Autosorb-
1), UV-vis diffuse reflectance spectroscopy (UV-vis DRS, Jasco, ISV-469), zeta meter
(Malvern, S2000) and photoluminescence spectra (PL, Jasco, FP-6500LE).

La,Ti, 07 powder was afterward suspended in aqueous solution containing RR22
in a stirred Pyrex reactor (9cm inter diameter, 25 cm height, 1.651 volume). All
experiments were conducted at 24 + 1 °C, and the air flow rate entering the photore-
actor was kept at 75 ml/min in order to maintain the maximum dissolved oxygen
in aqueous solution. The solution pH was kept at desired levels by the additions of
sodium hydroxide and/or nitric acid solutions using an automatic titrator. The sus-
pension was put in a dark surrounding for 30 min to achieve adsorption equilibrium
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before it was irradiated by a pre-warmed 10 W, 254 nm low-pressure mercury lamp
with light intensity of 8.35 mW/cm?. Aliquots of the reaction solution were sampled
at intermittent periods of reaction time, and then centrifuged to remove La,Ti, 07
particles. Concentration of RR22 in aqueous solutions was measured by the UV-vis
spectrometer (Jasco, V-550) at 509 nm.

3. Results and discussion

The TG-DTA result of the La,Ti,O; precursor for a heating rate
of 10°C/min is shown in Fig. 2. The TG curve depicted a signifi-
cant weight loss at the temperature range from 300 to 500 °C, and
a minor weight loss at around 790 °C. The first weight loss is cor-
responded to the major exothermic peak at 463.5°C ascribing to
the decomposition of most organic compounds contained in the
powder precursor. Milanova et al. [16] also prepared La;Ti, 07 by
PC method, and reported that there was a continuous weight loss
below 500 °C. The minor weight loss related to the second exother-
mic peak at around 792°C is attributed to the decomposition of
residual organics. Kakihana et al. [19] reported that the TG analysis
of perovskite Y,Ti,O; showed two obvious weight loss at 550 and
800 °C ascribed to the decomposition of most organics and burnout
of residual organics, respectively.

Fig. 3 shows the XRD patterns of La,Ti,O; powders prepared
by PC method and sintered at various temperatures for 2 h in the
20 range of 10-90°. When the samples were sintered at temper-
atures below 600°C, the XRD patterns indicated the presence of
amorphous solids. The crystallization of La, Ti, O; was observed for
samples sintered at temperatures higher than 700°C. Comparing
with JCPDS database (no. 81-1066) of La,Ti; O, the XRD reflec-
tions of samples sintered at temperatures above 900 °C exhibited
a single phase of La;Ti,O; with a monoclinic structure. From the
XRD results, the average crystal size of the La; Ti, O; powders deter-
mined from the diffraction peak employing the Scherrer formula.
The average crystal size of La,;Ti0; samples was increased from
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Fig. 2. TG-DTA curves of La,Ti,O; precursor with a heating rate of 10°C/min.
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Fig. 3. XRD pattern of La, Ti, 07 catalysts sintered at different temperatures and the
JCPDS card no. 81-1066.

35.1 to 42.3 nm with increasing sintering temperature from 900 to
1100°C, larger than that of commercial P25 TiO; (21 nm).

The photocatalytic activity of La, Ti, O catalysts sintered at var-
ious temperatures was examined by decomposing RR22 in neutral
solutions with 254 nm UV irradiation and described with appar-
ent first-ordered kinetics because of the relatively low initial RR22
concentration employed in this study [20]. As shown in Fig. 4, only
40-50% of RR22 were decomposed after 3 h of reaction time for
experiments conducted with La, Ti, O7 catalysts sintered at 500 and
600 °C, even slightly lower than the decomposition of RR22 by pho-
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Fig. 4. Effect of La,Ti,O7 sintered temperature on photocatalytic degradation of
RR22 in neutral aqueous solution.
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Fig. 5. UV-vis DRS patterns of La,Ti,O; prepared by PC and SSR methods.

tolysis. It is attributed that the amorphous La, Ti; O7 sintered at 500
or 600°C could not be excited by 254 nm UV irradiation, and yet
exhibited shielding effect to retard the photolytic decomposition
of RR22. However, more then 80% of RR22 were decomposed in
the first hour of reaction for experiments using well-crystallized
La, Ti; 07 sintered at temperatures higher than 700 °C. Based on the
experimental results, the La,Ti; O7 sintered at 900 °C was chosen to
study the subsequent characterization analyses and the photocat-
alytic decomposition of RR22.

The UV-vis DRS patterns for La;Ti; O prepared in this study by
PC method was measured in the wavelength range of 200-800 nm,
and are compared with the results for La,Ti,O; prepared by SSR
method from our previous study [6], as illustrated in Fig. 5. The
band gap energy of these two samples was both determined to be
3.55eV (350 nm) ascribed to a charge transfer from valence band
to conduction band. The determined band gap energy of La,Ti» 07
was higher than that of commercial P25 TiO, (3.1 eV) [20]. Further-
more, a shoulder peak at 435 nm (band gap energy of 2.86 eV) was
observed for the sample prepared by SSR method. Kim et al. [21]
ascribes the absorption to impurities generated during the course
of SSR method, indicating that the La,Ti, O particles prepared by
PC method exhibit better homogeneity than those prepared by SSR
method.

The subtle spectral signal can be enhanced to better resolution
by the first- or higher-order derivatives of a typical UV-vis spec-
trum in order to elucidate the unresolved or overlapping bands of
multi-component samples [22]. The original and first derivatives
of UV-vis DRS patterns for La,Ti O sintered at various tempera-
tures are shown in Fig. 6. From Fig. 6(a), there is no obvious relation
between the absorbed wavelength and sintering temperature of
La,Ti»O7. However, as indicated in Fig. 6(b), the first derivatives of
UV-vis DRS patterns indicate more complete peaks for La,Ti; 07
sintered at temperatures higher than 900 °C, further confirmed the
complete crystallization of La;Ti;O; sintered at higher temper-
atures. The first derivative curves for these La;Ti,O7 sintered at
temperatures below 800 °C might be attributed to the presence of
amorphous La; Ti; 07.

The zeta potentials of La,Ti, O prepared by PC and SSR meth-
ods in aqueous solutions of different pH are illustrated in Fig. 7.
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Table 1

Photocatalytic decomposition rate constants of RR22 using La,Ti,O7 in aqueous
solutions of various pH levels.

Solution pH Reaction rate constant (min~1) R?
3 0.0954 0.9101
5 0.0648 0.9767
9 0.0426 0.9533
11 0.0625 0.9889

Reaction conditions: Ceyaiysts = 1.5 g/l; sintered temperature of catalysts=900°C;
Crr22 = 10 mg/1; air flow: 75 ml/min; light source = 10 W low-pressure mercury lamp
(254 nm); reaction solution volume=11.

Although these La, Ti; 07 samples were prepared by different meth-
ods, the pH,p. values of both samples were determined to be around
7.2.However, the zeta potential of La,; Ti; O;7 prepared by PC method
exhibited more abrupt variation than that prepared by SSR method,
indicating that the surface potential of La,;Ti,O; prepared by PC
method is more sensitive to solution pH. Wang and Ku [23] reported
that the pHzpc of P25 TiO, was 6.8, slightly lower than that of
La,Ti, O7. The BET surface area of La;Ti, O7 samples prepared by PC
and SSR methods were determined to be 8.92 and 3.2 m?/g, respec-
tively. The surface area of P25 TiO, was reported to be roughly
50 m2/g, much higher than those of prepared La, Ti, 07 samples. The
adsorption of RR22 by La;Ti, 07 prepared by PC and SSR methods
in aqueous solutions of various pH levels is depicted in Fig. 8. The
Reactive Red 22 is disodium salt and negatively charged in aque-
ous solution because of the detachment of sodium ions [24,25]. The
chemical equation of RR22 dissolved in water is presented as:

Dye-SOs3 NE:I(S) < Dye—503’(aq) + Na+(aq)

The adsorption of RR22 per unit surface area in acidic solutions
by La, Ti; 07 prepared using PC method was drastically higher than
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Fig. 7. Determined pH;,. values of La,Ti;O7 prepared by PC and SSR methods.

that by La;Ti;O; prepared using SSR method. The adsorption of
RR22 in aqueous solution by La;Ti, O; prepared by PC method was
considerably influenced by solution pH. However, the adsorption
of RR22 by La,Ti, O prepared by SSR method was slightly varied
in solutions of different pH levels. Adsorptions of RR22 by La;, Ti; 07

Comparison of the photocatalytic activities and characterizations of La, Ti, 07 and commercial TiO, (P25).

Catalyst Crystal size (nm) BET (m?2/g) Reaction rate constant (min—"') Reaction rate constant
per unit surface area
((minm?)~1)

La, Ti; 07 35.1 8.92 0.0257 0.00192

TiO, (P25) 21 50 0.1269 0.00159

Reaction conditions: Ceatalysts = 1.5 g/1; sintered temperature of La; Ti;O7 = 900 °C; Crro2 = 50 mg/l; air flow: 75 ml/min; solution pH 3; light source = 10 W low-pressure mercury

lamp (254 nm); reaction solution volume=11.
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Fig. 8. Adsorption of RR22 by La,Ti, 07 catalyst in aqueous solution of various pH
levels.

suspensions were found to be preferred in acidic solutions, and
drastically reduced with increasing solution pH levels. These results
agree with the observations that the zeta potential of La;Ti, 07 is
also reduced with increasing solution pH. It is ascribed that the
adsorption of RR22 is highly influenced by the surface charge of
La, Ti, 07 particles.

The first-ordered photocatalytic decomposition rate constants
of RR22 in aqueous solutions of different pH level using La;Ti, O
sintered at 900°C are presented in Table 1. Higher decomposi-
tions of RR22 were achieved for experiments carried out in acidic
solutions, possibly because the negatively charged RR22 species
are adsorbed on the positively charged La,;Ti; O surface, and then
decomposed by the photo-induced holes on the surface of La; Ti; O7.
However, the surface of La; Ti, O7 was negatively charged in alkaline
solutions, and repulsion occurred between the negatively charged
RR22 ions and La;Ti, 07 surface to decrease the decomposition
of RR22. In alkaline solutions, RR22 is mainly decomposed by
the photo-induced hydroxyl radicals generated by excitation of
hydroxide ions.

Table 2 shows the comparisons of characterizations and pho-
tocatalytic activities between La,Ti» 07 and commercial P25 TiO,.
With the same loadings of photocatalyst applied, TiO, exhibited
higher overall photocatalytic activity than La,Ti;O; in degrad-
ing RR22. However, the degradation of RR22 per unit surface
area using La,Ti,O; was higher than that using TiO,. The infe-
rior overall photocatalytic activity of La;Ti, O7 is conjectured to its
relatively large particle size and low surface area. The perovskite
structured BigTi3O1, prepared by Yao and co-workers [10,26] also
exhibited higher photocatalytic activity per unit surface area for
decomposing methyl orange than P25 TiO,, although the overall
photocatalytic activity using BisTi3O1, was lower than that using
P25 TiO,. Therefore, application of synthesis process of lower sin-
tering temperature is advantageous to enhance the surface area and
overall photocatalytic activity of La;Ti, 0.

The photoluminescence (PL) spectra are widely used to inves-
tigate the behavior of electron-hole pairs and efficiency of charge
carrier trapping, immigration and transfer [27]. In Fig. 9, the PL
spectra of La;Ti;O7 and TiO, were measured with a 254 nm UV
light. The PL intensity of La;Ti;O; was higher than that of TiO,,

Intensity (a.u.)

300 330 360 390 420 450 480
Wavelength (nm)

Fig. 9. Photoluminescence spectra of pure La;Ti;O7 and TiO, with the excitation
wavelength of 254 nm.

indicating the electron-hole recombination for La, Ti, O; was more
obvious than that for TiO, because the network of metal cations
constructed within La, Ti, O7 enhances the mobility of photogener-
ated electrons and holes. Hwang et al. [28] reported that the NiO
loading on the surface of La;Ti,O7 could efficiently absorb pho-
togenerated electrons and further retard the recombination rate of
photogenerated electron-hole. Therefore, additional modifications
of La,Ti» 07 to capture the photogenerated electrons are beneficial
to improve its photocatalytic activity.

4. Conclusions

La,Ti, O7 particles prepared by PC method exhibit higher surface
areas, better homogeneity and are more sensitive to solution pH
than those prepared by SSR method. The crystallization of La,; Ti; O
was observed for samples sintered at temperatures higher than
700°C. The first derivatives of UV-vis DRS patterns confirmed the
complete crystallization of La,Ti;O7 samples sintered at tempera-
tures higher than 900 °C. The zeta analysis indicated that the surface
potential of La,Ti;O; prepared by PC method is more sensitive
to solution pH than those prepared by SSR method. The adsorp-
tion of RR22 was substantially affected by the surface charge of
La, Ti; 07 particles. More than 80% of RR22 decomposed in the first
hour of reaction for experiments using well-crystallized La;Ti,O5.
Photocatalytic decomposition of RR22 per unit surface area was
found to be higher for experiments using La;Ti,O7 than that using
TiO,. However, the poorer overall photocatalytic activity using
La, Ti; 07 was primarily attributed to its relatively large particle size
and low surface area. The network of metal cations constructed
within La;Ti,O; enhances the mobility of photogenerated elec-
trons and holes, and then further increases the recombination rate
of electron-hole pairs. Therefore, synthesis of La,Ti,O; at lower
sintering temperature to enhance the surface area and modifica-
tions of La,;Ti; 07 to reduce the electron-hole recombination are
advantageous to improve the photocatalytic activity of La;Ti; O7.
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