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Semiconductor Bi;MNbO; (M=Al, Fe, Ga, In) films on AISI/SAE 304 stainless steel were prepared by
sol-gel dip-coating followed by a thermal treatment at 500°C. The films were made by depositing
different number of layers (1, 3 and 5) at different withdrawal speeds (5.0, 7.5 and 10.0 cm/min).
They were characterized by X-ray diffraction, scanning electron microscopy and energy dispersive
X-ray fluorescence. The photocatalytic activity of Bi,MNbO; films was evaluated by the degradation
of methyl orange. The photodegradation kinetics was investigated and compared with those of TiO,
films prepared by a similar procedure. The films exhibited the following photocatalytic performance:
Bi»GaNbO- > Bi;FeNbO; > Bi, AINbO; > TiO; > Bi; InNbO7 > UV light. It is worth noting that the photoac-

tivity of Bi;MNbO;7 films toward methyl orange degradation was higher or equivalent than that of TiO,

films.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, the so-called Advanced Oxidation Processes
(AOPs) have been proposed as alternative methods for water purifi-
cation[1,2]. Among AOPs, heterogeneous photocatalysis appears as
an emerging destructive technology leading to the total mineral-
ization of most of the organic pollutants [3-5].

Titanium dioxide suspensions have been widely used for the
degradation of many compounds due to its exceptional opti-
cal and electronic properties, chemical stability, non-toxicity and
low cost [6,7]. However, this typical photocatalyst has some dis-
advantages such as the need of UV light excitation and the
difficulty of recovering it completely after the treatment pro-
cess.

For those reasons, the search of new promising photo-
catalysts which will be able to operate with visible light
[8-10] and their immobilization on inert supports [11-13]
are important challenges to extend the range of such appli-
cations. The sol-gel method, by dip- and spin-coating
techniques, constitutes one of the simplest and promis-
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ing approaches for synthesizing new film materials with
controlled optical, structural and morphological properties
[14-16].

In this sense, a new series of photocatalysts, Bi,MNbO; (M =Al,
Fe, Ga, In, Sm), were synthesized as powders, by a solid-state reac-
tion [17] and a sol-gel process [18], and recently as thin films on
glass slides, by sol-gel dip-coating [19].

In the present study, the photocatalytic activity of dip-coating
films of Bi,MNbO- (M = Al, Fe, Ga, In) on AISI/SAE 304 stainless steel,
with different number of layers at different withdrawal speeds, was
evaluated by the degradation of methyl orange (Fig. 1), which was
used as a model compound [20-25].

2. Experimental
2.1. Materials

The following reagents were used as received without
further purification: bismuth(Ill) acetate (Aldrich, 99.99%),
aluminum(Ill) acetylacetonate (Aldrich, 99.999%), gallium(IIl)
acetylacetonate (Aldrich, 99.99%), indium(Ill) acetylacetonate
(Aldrich, 99.99%), iron(Ill) acetylacetonate (Aldrich, 99.9%),
niobium(V) ethoxide (Aldrich, 99.95%), titanium(IV) iso-
propoxide (Aldrich, 97%), 2-propanol (Merck, 99.5%), ethanol
(Merck, 99.9%), acetylacetone (Aldrich, 99%), HNOsz (Carlo
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Fig. 1. Molecular structure of MeO.

Erba, 65%), methyl orange (Merck, 100%) and distilled water
(1MS2cm).

2.2. Preparation of the films

Semiconductor films of Bi-M-Nb-0O (M =Al, Fe, Ga, In) system
were prepared by dip-coating on AISI/SAE 304 stainless steel (304
SS) plates (15 mm x 25 mm), which were ultrasonically cleaned in
ethanol (15 min) prior to use. Details of the sol preparation were
described elsewhere [19]. The films were made by depositing dif-
ferent number of layers (1, 3 and 5) at different withdrawal speeds
(5.0, 7.5 and 10.0 cm/min). They were dried at room temperature
(25°C) for 1h after each layer deposition and finally annealed at
500°C for 4 h.

TiO, films were also prepared by a similar procedure for com-
parative purposes [26].

2.3. Characterization of the films

Scanning electron microscopy (SEM) micrographs were
obtained with a LEO 430 microscope operated at 20kV in
secondary electron mode.

X-ray diffraction (XRD) patterns were collected on a PANalyti-
cal X'Pert PRO diffractometer operated at 40kV and 40 mA, using
Cu Ko radiation (A = 1.540598 A) selected with Ni filter, in the thin
film mode with a step of 0.02° and a counting time of 1.0s per
step.

Elemental analyses were performed by energy dispersive X-
ray fluorescence (EDXRF) in a Shimadzu EDX-800HS spectrometer
equipped with a Rh tube and a Si(Li) detector. The measurements
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Fig. 2. Schematic representation of the photoreactor.

were performed in vacuum atmosphere and the quantification was
performed using fundamental parameters method.

2.4. Photocatalytic evaluation of the films

The photocatalytic activity of the Bi,MNbO; (M =Al, Fe, Ga, In)
films on 304 SS was evaluated by the degradation of methyl orange
(MeO). A 200 mL glass cell equipped with an immersion Hg lamp
(UVP Pen-Ray 5.5 W) was employed in the photocatalytic exper-
iments (Fig. 2). In all tests, 40 mL of aqueous solution containing
5 ppm of MeO were used at natural pH. Before starting each test,
the system was keptin the dark for 15 min to achieve the adsorption
equilibrium. The reaction was carried out during 2 h with contin-
uous air bubbling and magnetic stirring. Samples were taken each
30 min and the MeO concentration was determined by colorimetry,
using the 460 nm absorption band, in a LaMotte Smart apparatus.
The reaction also was carried out using TiO, films on 304 SS as ref-
erence. Blank reaction was done without semiconductor films in
order to determine the contribution of photolytic degradation.

Fig. 3. SEM micrographs of Bi,GaNbO; films on 304 SS: (a) 1 layer at 5.0 cm/min (1000x), (b) 1 layer at 7.5 cm/min (1000x ), (c) 3 layers at 5.0 cm/min (7000x ), (d) 3 layers

at 7.5 cm/min (7000x ).
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Fig. 4. XRD patterns of (a) Bi;AINbO-, (b) Bi;FeNbO>, (¢) Bi,GaNbO7, (d) Bi,InNbO;
and (e) TiO, films on 304 SS (3 layers at 7.5 cm/min) and (f) 304 SS annealed at
500°C.

3. Results and discussion
3.1. Scanning electron microscopy

SEM micrograph of Bi; GaNbO7 film (1 layer) on 304 SS obtained
at 5.0cm/min show a fairly flat but cracked surface (Fig. 3a). The
formation of microcracks all over the surface may be a consequence
of the coating contraction during the heat treatment[27]. When the
withdrawal speed was increased to 7.5 cm/min, the cracks became
slightly thinner (Fig. 3b) probably because the thickness of the films
increased.

When the number of layers was increased to 3, the cracks were
covered partially but agglomerates appeared (Fig. 3cand d) because
the amount of deposited material increased.

3.2. X-ray diffraction

XRD patterns of Bi;MNbO; (M=Al, Fe, Ga, In) films on 304 SS
(3 layers at 7.5 cm/min) are shown in Fig. 4. Only broad peaks at
about 28.7° corresponding to the pyrochlore structure-type could
be identified [28]. The peaks present at 43.6, 44.6 and 50.7° corre-
spond to the stainless steel support [29]. It is strongly proposed that
such a broad peaks are due to the low amount of deposited material
(about 8 mg by layer), the small crystallite size and the poor crys-
tallinity [30]. Although the Bi;MNbO7 films showed similar XRD
patterns, the 20 angles of the pyrochlore reflection were slightly
different: Bi;AINbO; (28.37°)<Bi,FeNbO; (28.63°)<Bi;GaNbO7
(28.77°)<BiyInNbO; (28.97°). They were shifted according to
the ionic radius of the 6-coordinated substituent atom M3*: Al
(67.5pm)<Fe (69pm)<Ga (76 pm)<In (94pm) [31]. It is worth
noting that the (10 1) anatase reflection at 25.11° in the XRD pat-
tern of the TiO,, film (Fig. 4e) is more intense that the corresponding

Table 1
Elemental analysis of the Bi;MNbO7 (M = Al Fe, Ga, In) films (3 layers at 7.5 cm/min)
on 304 SS.

Film Bi (at.%) M (at.%) Nb (at.%)
Bi, AINbO; 70.3 16.1 13.6
Bi, FeNbO; 64.8 19.1 16.1
Bi,GaNbO7 54.5 23.1 224
Bi;InNbO7 76.7 12.6 10.7
Bi, MNbO7? 50.0 25.0 25.0

2 Stoichiometric ratio.
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Fig. 5. Relative concentration of MeO vs. time using: (v) Bi, AINbO-, (®) Bi, FeNbO7,
(a) Bi;GaNbOy7, (#) Bi,InNbO7 and (x) TiO; films on 304 SS (3 layers at 7.5 cm/min)
and (0J) UV light (without photocatalyst).

pyrochlore reflections indicating that the latter material is more
crystalline.

3.3. Energy dispersive X-ray fluorescence

EDXREF results of Bi,MNbO7 (M =Al, Fe, Ga, In) films (3 layers at
7.5 cm/min) on 304 SS are summarized in Table 1. Elemental anal-
yses indicate that the atomic percentages of Bi-Ga-Nb-0 sample
fit better to the stoichiometric ratio of pyrochlore-type structure
(BiMNbOy7). In the other samples an excess of Bi was detected
suggesting the presence of BisNb3 045 [18], BisIn;Nb301g_x [32] or
Bi; 03/Biz04_ [33].

3.4. Photodegradation of methyl orange

MeO degradation over time using Bi,MNbO; (M=Al, Fe, Ga,
In) and TiO, films on 304 SS (3 layers at 7.5cm/min) is shown
in Fig. 5. It can be seen that the films exhibit the following pho-
tocatalytic performance: Bi,GaNbO; >Bi;FeNbO7 > Bi, AINbO7; >
TiO, > Bi;InNbO7 > UV light. Slight differences between the films
with different substituent atom M were detected. These can be cor-
related to their stoichiometric deviations in regard to BiMNbO;
(see Table 1). Although the photoactivity of Bi,InNbO~ is compara-
ble to that of TiO, at the end of the test, it is worth noting that the
second one tends to decrease with the time. There is a change in
the slope at about 60 min. The photocatalytic behavior of Bi,MNbO;
films with regard to TiO, films could be related to their poor crys-
tallinity (see Fig. 4).

The curves C/Cy vs. time are well described by a mono-
exponential curve suggesting the heterogeneous character of the
reaction and that a pseudo-first-order reaction model can be used
to describe the kinetic behavior of the films. Using a modified
Langmuir-Hinshelwood model, the rate of photodegradation can
be expressed as:

_ _d£ _ erCO
T dt T 1+KGy

(1)
Due to the low concentration of methyl orange (KCy « 1), the

term KCp in the denominator could be neglected. Integration of Eq.
(1) with initial condition C=Cy at t=0 gives:

q
In (%) — Kappt )

where kapp = kK is an apparent first-order rate constant.



138 K.L. Rosas-Barrera et al. / Catalysis Today 166 (2011) 135-139

Table 2

Kinetic parameters for the MeO photodegradation (2 h) over BiMNbO; (M =Al, Fe, Ga, In) films on 304 SS (3 layers at 7.5 cm/min).

Photocatalyst Apparent first-order rate constant, kapp x 10~ (min~")

Half-life time, t;, (min) Correlation coefficient, R?

1475 0.9999
203 0.9955
197 0.9971
189 0.9969
243 0.9919
228 0.9970

UV light 0.47
Bi, AINbO-, 341
Bi, FeNbO; 3.51
Bi, GaNbO7 3.66
BileNb07 2.85
TiO, 3.04
0.45 A
0.40
0.354
0.301
S, 0.25-
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Fig. 6. Linear transformation of the relative concentration of MeO vs. time using:
(v) Bi»AINDbO7, (@) Bi;FeNbO-, (a) Bi;GaNbO7, (#) BiInNbO7 and (x) TiO, films on
304 SS (3 layers at 7.5 cm/min) and (O) UV light (without photocatalyst).

The plot of In Co/C vs. t represents a straight line, where kapp is
the slope of linear regression, and it is shown in Fig. 6.

For a pseudo-first-order reaction, the half-life time (t;/,) can be
calculated according Eq. (3):

_In2
" Kkapp

(3)

ti/2

The corresponding values of the kinetic parameters (kapp, t1/2)
for each photocatalyst are shown in Table 2.

All the films showed a higher photocatalytic activity than that
obtained with only UV light. The photoactivity of Bi;MNbO- films
was higher or equivalent than TiO, films. The Bi;GaNbO; film
exhibited the highest kapp and therefore the lowest ty,. This result
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Fig. 7. Relative concentration of MeO vs. time using (a) Bi,GaNbOy films (3 layers)
made at a withdrawal speed of: (a) 5.0 cm/min, (b) 7.5 cm/min, (¢) 10.0 cm/min and
(0O) UV light (without photocatalyst).

can be explained due to the atomic percentages of Bi-Ga-Nb-0
sample fit better to the stoichiometric ratio of pyrochlore-type
structure (Bi,MNbO-) according to the EDXRF results (see Table 1).

MeO degradation over time using Bi;GaNbO; films on 304
SS (3 layers) made at different withdrawal speed (5.0, 7.5 and
10.0cm/min) is shown in Fig. 7. It can be seen that the degradation
increases with a faster withdrawal speed. The highest degrada-
tion was achieved with the films made at the fastest withdrawal
speed (10.0 cm/min). This behavior can be explained by the higher
amount of deposited material when a faster withdrawal speed was
used, according to the equation proposed by Landau and Levich,
which expresses that the film thickness is directly proportional to
the withdrawal speed [34,35].

However, it is worth noting that a significant difference in the
degradation was not detected when the withdrawal speed was
increased from 7.5 to 10.0 cm/min. This result could be due to two
factors: (1) further increments in the withdrawal speed after cer-
tain value not lead to an increase in the thickness or (2) further
increments in the amount of deposited material after certain value
are not followed by an increase in the degradation. It is worth men-
tioning that similar results in the photodegradation behavior were
obtained using Bi,GaNbO- films on 304 SS (1 layer) made at the
same withdrawal speeds and therefore the previous result could
be attributed mainly to the first factor.

MeO degradation over time using Bi,GaNbO; films on 304 SS
with different number of layers (1, 3 and 5) at a withdrawal speed
of 7.5 cm/min is shown in Fig. 8.

It can be seen that the degradation increases when the number
of layers was increased from 1 to 3 but a further increment to 5 lay-
ers not lead to any improvement. Undoubtedly, the enhancement
in the degradation until a certain value is due to the increase in the
amount of deposited material with the augment of number of lay-
ers. It is worth mentioning that similar results were obtained with
the other Bi MNbO7 films.
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Fig. 8. Relative concentration of MeO vs. time using (a) Bi,GaNbO7 films with dif-
ferent number of layers (7.5 cm/min): (a) 1, (b) 3, (c) 5 and (O) UV light (without
photocatalyst).
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All materials used in the photodegradation of MeO were sub-
jected to several cycles of use, among which there were no
significant changes in their photocatalytic performance, showing
stability and resistance to the reaction conditions employed. The
obtained results make further work on the subject very encourag-
ing.

4. Conclusions

The photoactivity of Bi;MNbO; films toward methyl orange
degradation was higher or equivalent than that of TiO, films.

The Bi;GaNbO7 film had the higher crystallinity and the better
elemental proportion according to pyrochlore-type structure, and
therefore exhibited the major photocatalytic activity, expressed as
highest kapp and lowest ty,.

The photodegradation of MeO increase with a faster withdrawal
speed and with increases of the number of layer deposited. Degra-
dation of MeO follows an apparent first-order kinetics as most of
the pollutant, which confirm the heterogeneous catalytic character
of system for diluted solution.
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