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Abstract

The synthesis, characterization and photocatalytic properties of impregnated In,03/TiO, and In,O;-TiO, sol-gel catalysts were reported. A
specific surface area was obtained on the In,0;—TiO, catalysts prepared by the sol-gel method (153 m?/g) which was three times higher than that on
the In,03/TiO, impregnated catalysts (58 m?/g). The XRD spectra of the samples showed the anatase phase as the only crystalline phase present in
both catalysts. The determination of the E, band gap by UV—-vis spectroscopy showed a band gap of 3.5 eV for the In,0;-TiO, photocatalysts while
for the In,O3/TiO, samples it was of 3.1 eV. The obtained photoactivity for the 2,4-dichlorophenoxyacetic acid degradation by the In,O;-TiO,
sol-gel catalysts (#;,, =35 min) was higher than the obtained by the In,O3/TiO, impregnated catalysts (¢;, = 88). The higher activity showed by the
sol-gel photocatalysts can be related with specific surface area effects combined with those produced by the formation of highly dispersed In, 05

particles; and by the insertion of some In** cations in the titania framework.
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1. Introduction

The photocatalytic degradation of pollutants in water has
been successfully carried out by using suspensions of powdered
TiO; semiconductors [ 1-3]. Titania has attracted the attention of
many scientists and its preparation has been carried out by using
several techniques [4—11]. Particularly, the preparation of tita-
nium dioxide by the sol—gel method has been reported as one of
the most promising methods to obtain high active photocatalysts.
The sol-gel method permits the modification of the textural,
structural and semiconductive properties of the material. Addi-
tionally, it allows the possibility of doping the semiconductor
with several cations during the gelling step [12-16].
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A different method to prepare efficient photocatalytic tita-
nia is by coupling it with other semiconductor oxides, such as
InpO3 [17-19]. By doping titania with semiconductors, struc-
tural modifications in the titania framework are obtained when
Ti—~O-M-O bonds are formed.

Indium oxide has been extensively reported as one of the most
interesting semiconductors and its band gapis 3.7 eV [19,20] and
a great number of applications have been reported, for exam-
ple, in the development of solar cells [21], photovoltaic and
optoelectronic devices [22]; and liquid crystal displays [23,24].
However, as photocatalyst, In,O3 has been scarcely reported
[18].

By taking into account the aforementioned, in the present
work, indium oxide was chosen as the coupled oxide for
TiO,. The In,O3-TiO, photocatalyst was prepared by the
sol-gel method, by using indium acetylacetonate and tita-
nium alkoxides as sol-gel precursors. The photocatalytic
properties of the sol-gel catalyst were evaluated in the 2,4-
dichlorophenoxyacetic acid (2,4-D) degradation and compared
with the activity of an In,O3/TiO; impregnated photocatalyst.
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2. Experimental
2.1. Catalysts preparation

The sol-gel Iny;O3-TiO> mixed oxides were prepared by
using titanium(I'V) butoxide (Aldrich 97%) and indium acety-
lacetonate (Chemat 98%) as precursors. A solution containing
indium acetylacetonate—acetone and 63 mL of titanium butox-
ide were simultaneously added to a solution containing 115 mL
of distilled water and 190 mL of n-butanol. Then, the solution
was maintained under reflux for 48 h until gelling. Afterwards,
the sample was dried in air at 70°C for 12h and then cal-
cined at 500°C for 4h by using a programmed heating rate
of 2°C/min. The quantity of indium acetylacetonate co-gelled
with the titanium alkoxide was calculated to provide 12 wt%
of indium oxide in the titanium dioxide. The impregnated
InpO3/TiO, photocatalyst was prepared by incipient impregna-
tion with indium acetylacetonate—acetone (12 wt% In,0O3) of
sol—gel titania which was previously calcined at 500 °C. The
reference Inp O3/P25 was prepared by impregnation with indium
acetylacetonate—acetone of commercial P25 titania which was
previously treated in air at 500 °C for 4 h.

2.2. Catalysts characterizations

The specific surface areas were calculated from the nitrogen
adsorption isotherms by the BET method, by using an Autosorb-
3B automatic apparatus (Quantachrome Corporation). The pore
size distribution was calculated from the desorption isotherm by
using the BJH method.

The crystalline phase was determined by X-ray diffraction
with a Bruker D-8 Diffractometer by using Cu Ka radiation. The
UV-vis spectra (200-900 nm) of the solids were obtained with
a UV-vis Varian spectrophotometer, model Cary 100 (diffuse
reflectance). The E;; band gap was calculated by extrapolation of
the UV band to the x-axis for y =0 [16].The Raman spectra were

recorded on a Nicolet Almega Dispersive Raman Spectrometer,
equipped with a NdYVOy laser source. The laser excitation line
was 532 nm and the power was of 25 mW.

2.3. Photocatalytic activity

The photocatalytic degradation was performed with UV light
irradiation in a slurry reactor at room temperature. The used UV
source was a standard Pen-Ray lamp (UVP Products Cat. No. 90-
0012-01) with a typical A intensity of 254 of 4400 wW/cm?. The
quartz lamp was immersed in a cooled vessel containing the reac-
tant solution consisting of 100 mL with 40 ppm (1.8 x 10~* M)
of 2.,4-dichlorophenoxyacetic acid and 100 mg of catalyst. In
order to achieve the saturation of dissolved oxygen and assure
the adsorption of the 2,4-D molecule on the semiconductor, a
flux of dry air was bubbled for 30 min (1 mL/s) before turning
on the light source. The photo-degradation was monitored with
a UV-vis Varian spectrophotometer, model Cary 100 by follow-
ing the main 2,4-D absorption band at 229 nm as a function of
the irradiation time.

3. Results and discussion

The nitrogen adsorption—desorption isotherms of the various
samples are showed in Fig. 1. As for the TiO; and In,O3-TiO;
sol-gel catalysts, the isotherm form corresponds to that of
type 5 in the BDDT classification; and the type E hysteresis
loop is in agreement with the De Boer classification attributed
to mesoporous solids [25]. On the other hand, the pore size
distribution for the materials is presented in Fig. 2, where a
narrow pore size distribution can be seen for the sol-gel prepa-
rations. The calculated specific surface areas and mean pore size
diameter reported in Table 1 showed that the highest specific sur-
face area corresponds to that of the In,O3-TiO; sol-gel mixed
oxide (153 mz/g). Thus, when the titanium alkoxide and indium
acetylacetonate were co-gelled, a positive effect on the textural
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Fig. 1. Nitrogen adsorption isotherms for (a) P25, TiO,, In,O3-TiO, sol-gel and (b) impregnated catalysts.
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Fig. 2. Pore size distribution for P25, TiO,, InO3-TiO; sol-gel and impreg-
nated catalysts.
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Fig. 3. XRD patterns for P25, TiO,, InpO3-TiO, sol-gel and impregnated
catalysts. A: anatase, R: rutile.

properties of the mixed oxide was obtained. As for the TiO;
and impregnated InpO3/TiO; catalysts, the BET specific sur-
face areas were 65 and 58 m?/g, respectively. A small pore size
diameter (7 nm) was obtained for the In;O3-TiO, mixed oxide,
while the mean pore size diameters for the TiO, and In,O3/TiO,
were of 13 and 9 nm, respectively. Concerning the Degussa P25
titanium oxide, the BET specific surface area is reported as an
illustrative value.

The XRD patterns for the InyO3-TiO> sol—gel catalysts and
TiO, showed anatase as the crystalline phase (Fig. 3). As for

Table 1
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Fig. 4. Raman spectra for (a) TiO; sol-gel, (b) TiO2—In; 03, (c) InpO3/P25 and
(d) InpO3/TiO; catalysts.

titania P25, the XRD characteristic peaks of anatase and rutile
are clearly observed. The diffractogram signals correspond-
ing to indium oxide are observed in the impregnated samples
(260 =31.2). As for the In;O3-TiO, sol-gel catalyst, the corre-
sponding signal to indium oxide decreases remarkably and a very
small peak can be seen. The insertion of some In** in the titania
framework which forms either O-Ti—~O-In—O bonds or highly
dispersed In, O3 particles over TiOj is certainly the responsible
of the small indium oxide XRD detection. The amount of In, O3
in the sol-gel mixed oxide was 12 wt%; hence, by XRD spec-
troscopy it was expected that the corresponding signal should
have been observed of the same intensity as it is showed in the
impregnated samples.

The Raman spectra of the TiO,, InyO3-TiO,, In,O3/P25,
In,03/TiO; and indium acetylacetonate, which were calcined at
600 °C, are shown in Fig. 4. A shiftin the E1g signal at 124 cm ™!
for the anatase to 128 cm™! in the Iny O3-TiO, mixed oxide can
be seen. Although this could be attributed to a change in the
particle size, the shift of the position band of the Elg signal of
the anatase signal was recently reported as an effect due to the
insertion of In,O3 into the TiO, framework [26].

The E, band gap was calculated from the UV—vis absorption
spectra and the values are reported in Table 1. As for the P25 and
TiO; bare samples, the E, values are in the same order (3.3 and
3.1eV), meanwhile, a higher value (3.5 eV) in the Inp,O3-TiO,
sol—gel mixed oxide was obtained. The reported E, band gap

Specific surface area (Sggr), band gap (E,) and photocatalytic activity (#12) for the 2,4-dichlorophenoxyacetic acid degradation over In,O3-TiO; sol-gel prepared

mixed oxides and impregnated photocatalysts

Catalyst SpeT (M2 g’l) Pore size (nm) Eg (eV) t12 (min) % C* k> (min~1) k/Sger (x10° min~! m~2 g)
P25 54 - 33 100 60 0.0067 1.24
TiO, 65 13 3.1 90 69 0.0085 1.30
In; 03-TiO, SG 153 7 35 35 95 0.0208 1.36
Iny O3/TiOy 58 9 3.1 88 69 0.0075 1.29
In, 03/P25 48 - 2.8 154 57 0.0058 1.20
2 t=180 min.

b From Fig. 9.
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Fig. 5. UV-vis spectra for the semiconductors: (a) TiO; sol-gel, (b) InoO3/P25,
(c) InpO3/TiO; sol-gel, (d) TiO, P25 and (e) In,O3-TiO; catalysts.

for thin films of In,O3 was 3.7eV [19,20]; then a medium
value between the anatase and Inp O3 was obtained in the mixed
oxide. On the impregnated samples, the E; values were 3.1 and
2.8 eV for the InpO3/TiO, and In,O3/P25 supported catalysts,
respectively. The effect on the band gap energy depends on the
method used to incorporate the indium acetylacetonate precursor
(impregnation or sol-gel). As for the sol-gel Inp O3-TiO, mixed
oxide, the doping of the titania network can exert a direct effect
on the conduction band. A similar effect has been observed on
the TiO; thin films, where an increase in the band gap as a func-
tion of the Inp O3 concentration was reported [27]. On the other
hand, concerning the impregnated catalysts, the effect must be
similar to that extensively reported for metal oxides deposited
over TiO», in which the role of the supported oxide is related to
a decrease in the electron—hole recombination [2—4]. In Fig. 5,
the UV spectra for all the samples are illustrated.

The evolution of the 2,4-dichlorophenoxyacetic acid as a
function of time is illustrated in Fig. 6, where it can be seen
that the degradation of the 2,4-D can be evaluated with accuracy
by following the 229 nm absorption band. On the other hand,
the photolysis and adsorption in dark of the 2,4-D are presented
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Fig. 6. UV-vis absorption spectra evolution as a function of time for the 2,4-D
photodecomposition over TiO>—In; O3 sol—gel prepared catalyst.
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Fig. 7. Adsorption in dark and photolysis under UV light for the 2,4-
dichlorophenoxyacetic acid as a function of time.

in Fig. 7. Even when the photolysis with a UV light source is
important (25%), the 2,4-D does not disappear after 180 min
under irradiation.

The photocatalytic degradation of the 2,4-D as a function
of time is showed in Fig. 8; and the corresponding activities
were reported as t1, in Table 1. The lowest activities corre-
spond to the InpyO3/P25 and P25 catalysts (¢1 of 154 and
100 min, respectively). As for TiO;, the f;, was of 90 min
and slightly diminishes in the impregnated In,O3/TiO; cata-
lyst (¢1> =88 min). However, when the catalyst was prepared
by co-gelling aluminium alkoxide and indium acetylacetonate,
the obtained InyO3-TiO, mixed oxide showed the highest pho-
toactivity, t1 =35 min, Table 1. Such results show that the
impregnation with a semiconductor is not enough to improve
the photocatalytic properties.

All the catalysts followed pseudo-first-order kinetics and the
apparent rate constant was calculated by plotting In (Co/C) ver-
sus time (Fig. 9). The slope of the plot represents the apparent
rate constant. The highest rate constant for the degradation was
obtained in the InpO3-TiO; catalyst (Table 1).

The photoactivity enhancement obtained on the In,O3-TiO;
sol-gel photocatalyst certainly resides in the preparation
method. We assume that some In3* cations are substituting

0 30 60 90 120 150 180
Time (min)

Fig. 8. Photocatalytic degradation for 2,4-dichlorophenoxyacetic acid as a func-
tion of time.
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Fig. 9. Pseudo-first-order kinetics and apparent rate constant for the 2.4-
dichlorophenoxyacetic acid degradation.

Ti** cations in the titania framework by forming Ti—-O—-In—O-Ti
bonds; however, the identification of such species is very diffi-
cult. Firstly, only few In>* species can be inserted in the titania
framework, and the In3* ratio is 94 pm (hexacoordinated), which
compared with the Ti** ratio of 74.5 pm (hexacoordinated) is too
high to expect a large substitution. The difficulty to identify the
substitution is obvious; however, the shift in the Raman signal
showed in Fig. 4 can be used as a good support to our assumption.

The effect of the specific surface area on the activity was ana-
lyzed and the 2,4-D decomposition per m?, which was expressed
as k/Spgt is of the same order in both, the sol—gel In,O3-TiO,
and InpO3/TiO; photocatalysts (Table 1). However, in Fig. 8, it
can be seen that only the mixed oxide practically decomposes
all the herbicide after 150 min (95% C). As for the impreg-
nated In,O3/TiO; catalysts as well as the reference supports,
the reaction seems to reach the equilibrium where the total 2,4-
D degradation was not achieved. The 2,4-D decomposition after
180 min was of 60 % and 69% C for the reference supports and
69 and 57% C for both the InyO3 impregnated on TiO, and
P25 catalysts, respectively. This behaviour showed that only the
InpO3-TiO;, mixed oxide is able to destroy practically the whole
2,4-D contained in the reactant solution. On the other catalysts
the formation of by-products inhibits the 2,4-D decomposition.
The identification of the by-products is in course and they will
be the subject of a coming publication.

4. Conclusions

It is proposed that some In>* cations are inserted in the titania
framework during the sol-gel preparation and produce important
effects on the specific surface area; and hence, on the photo-
catalytic properties. However, at the same time, indium oxide
presented small clusters over the support which played the role
of electron captors and produced a better separation of the photo-
generated charge in the carriers. The advantage of the sol—gel
method [28] to synthesize mixed oxides is that the formation of

highly dispersed In,O3 particles and In** doping effects could
be present at the same time in the Inp O3—TiO; sol-gel photocata-
lysts. As a result of the combination of both effects, an important
photoactivity improvement was obtained.
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