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Abstract

Photocatalysts with general formula Bi,MNbO; (M =1In, Al, Fe, Sm) have been prepared following the sol-gel method by gelling nio-
bium ethoxide with bismuth acetate and In, Al, Fe and Sm precursors. XRD, TGA/DTA, FT-IR, UV-vis, SEM and nitrogen adsorption
techniques were used to characterize the solids. The evolution of the crystalline phases of the sol-gel samples with the annealing tempera-
ture was followed by XRD. At annealing temperatures lower than 400 °C crystalline Bi,MNbO; phases were not detected, while at 800 °C
only pyrochlore phase was observed. The energy band gap values were found from the UV-vis spectra of the samples calcined at 400 °C
between 1.43 and 2.24 eV. Kinetic #,, (half life) parameters for the photodegradation of methylene blue shown that Bi,FeNbO; sol-gel cata-
lysts were more active (¢, = 13 min) than TiO, P-25 (#;, =45 min) reference photocatalyst. For comparative purposes solid state preparations of
Bi,MNbO; were also studied, showing a lower photocatalytic activity than the sol-gel preparations but it was in the same order of TiO, P-25

catalyst.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalytic processes for wastewater treat-
ment have been recently used for the degradation of organic com-
pounds to carbon dioxide, water and mineral ions with successful
results [1-3]. For example, azo-dyes like alizarin S, crocein
orange G, methyl red, congo red and methylene blue have been
completely mineralized with TiO,/UV in aqueous suspensions
[4,5]. Nowadays, the most used photocatalyst is commercially
available TiO», but its efficiency depends on the UV source [6,7].
The search for new promising photocatalysts that operate with

* Corresponding autor at: Universidad Auténoma de Nuevo Ledn, Facultad de
Ingenieria Civil, Av. Universidad y Av. Fidel Velazquez S/N Cd. Universitaria,
San Nicolas de los Garza, Nuevo Ledn 66450, Mexico.

Tel.: +52 81 8332 1902x112/8376 3979; fax: +52 81 8376 0477/8332 1902.
E-mail address: 1torres @ccr.dsi.uanl.mx (L.M. Torres-Martinez).

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.11.053

visible light is an important challenge to extend the range of
their applications [8—10]. In this way, recent papers report a new
series of ceramic photocatalysts Bi,MNbO7 (M =AIP*, Ga’*,
In** Fe’*, Sm>*, La’*, Pr’*), synthesized by solid state reac-
tion. They have the pyrochlore structure A,>*B,**07 and have
shown photocatalytic activity for water splitting [11-13]. It is
well known that the photocatalytic activity depends on the prepa-
ration method [14] finding desirable the production of powders
with high specific surface area. Photoactive ceramic compounds
can be produced by solid state reactions but their photocatalytic
activities are limited because of their low specific surface area.
Solids with the same chemical composition, similar structure
and high specific surface area can be prepared by the sol-gel
method under soft reaction conditions. With this in mind, in the
present work we prepare Bi,MNbO7; (M =In, Al, Fe, Sm) by
both the sol-gel method and solid state reaction. The compari-
son of activities was made on the photocatalytic degradation of
methylene blue.
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2. Experimental section
2.1. Sample preparation

2.1.1. Sol-gel synthesis

The Bi,MNbO7 (M = Al In, Fe, Sm) compounds were pre-
pared using stoichiometric amounts of aluminum isopropoxide
(Aldrich 99.9%), indium isopropoxide (Aldrich 99.9%), iron
acetylacetonate (Aldrich 99.9%) or samarium acetate (Aldrich
99.9%). They were dissolved in a 250 mL flask containing
100 mL of a solution ethanol/water 3:2. Then, pH was adjusted
to 3 with nitric acid and the solution was refluxed for 3 h.
Next, the respectively stoichiometric amounts of bismuth acetate
(Aldrich 99.9%) in ethanol/water 1:1 solution and niobium
ethoxide (Aldrich 99.9%) in ethanol were added drop by drop.
Afterwards, pH was again adjusted to 9 and the solution was
maintained under reflux until gelation, 5-10 days depending on
the synthesized compound.

Samples were cured for 24 h and then the solvent was evap-
orated at 70 °C. The samples were dried in an oven at 70 °C in
order to obtain fresh gels. Finally, they were annealed in air at
200, 400, 600 and 800 °C for 6 h.

2.1.2. Solid state reaction

Stoichiometric amounts of BipO3, Nb,Os5, Al,03, InyO3,
Fe, 03, and SmyO3 were mixed, pressed into pellets and heated
slowly from room temperature to 900 °C for a few hours. Isother-
mal treatments in air were given at 900-1100°C for 1-96h
depending on the composition, with intermediate regrinding to
complete reaction.

2.2. Characterization

2.2.1. X-ray diffraction

The resulting samples were analyzed by X-ray powder
diffraction with a D-5000 SIEMENS diffractometer, using Cu
Ko radiation.

2.2.2. Thermogravimetric analysis
TGA/DTA was used to determine the thermal evolution of the
fresh gels using a SDT-2960, TA-Instruments in nitrogen flow.

2.2.3. FT-IR analysis

The infrared spectra were recorded with a Paragon 1000,
Perkin-Elmer spectrophotometer in the wavenumber range of
4000-400cm™!.

2.2.4. UV-vis spectroscopy

Diffuse reflectance spectra of the samples were obtained
in the 900-300 nm range, using a Lambda 12, Perkin-Elmer
spectrophotometer equipped with an integration sphere RSA-
PE-20. A standard USRS-99010, of Spectralon was used as
100% reflectance reference.

2.2.5. Scanning electron microscopy
Morphological microanalysis was performed using a S440,
Leica microscope using secondary and backscattered electrons.

2.3. Photocatalytic evaluation

The light source used in the photodegradation experiments
was a UV lamp Black-Ray XX-15L, with a wavelength of
254nm and intensity of 1600 wW/cm?. The lamp was set at
a distance of 15cm above a glass vessel of 250 mL contain-
ing 200 mL of aqueous solution, 30 ppm of methylene blue and
1mL of HyO, (30vol.%). Before the photocatalytic experi-
ments were carried out, the suspension was maintained under
stirring for 60 min in the dark to establish the reactant adsorp-
tion equilibrium. The intensity of the light in the reactor vessel
was 1100 p,W/cm2, determined with a UVX-25 UVP radiome-
ter equipped with a 254 nm sensor. One hundred milligrams of
catalyst were added in each experiment. Aliquots of the solution
were taken at intervals of 15 min for 2.5 h. The concentration of
methylene blue was calculated in function of time by measuring
the 664 nm methylene blue absorption band with the UV-vis
spectrophotometer.

3. Results and discussion
3.1. X-ray diffraction

The crystalline phases formed during the thermal treatment of
the Bi;MNbO; (M = AI**, In**, Fe**, Sm**) compounds were
determined by XRD. In Fig. 1, the XRD patterns of BiFeNbO;
calcined at different temperatures are shown. In annealed sam-
ples at 200 and 400 °C some diffraction peaks can be observed.

1000°C (solid state)

cafd AMMM

S

2 800°C

-

Z SRYUP B G g
§

2 600°C

400°C

Fig. 1. X-ray powder pattern of Bio,FeNbO; prepared by sol-gel at different
temperatures.
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Fig. 2. X-ray powder pattern of Bi,MNbO7 (M = AI3*, In?*, Fe3*, Sm3*) syn-
thesized by solid state reaction.

These peaks correspond to small amounts of unreacted Fe,O3
[15] and to the binary phase BisNb3O15 [16]. The presence of the
Bi;FeNbO7 phase and small amount of BisNb3O15 are observed
in the annealed sample at 600 °C. The sample calcined at 800 °C,
showed the higher crystallinity in which case the Bi; FeNbO7,
is the only phase observed.

The other BixMNbO; (M =AIP*, In**, Sm**) compounds
show amorphous structure at temperatures lower than 400 °C. In
these samples, the formation of trivalent oxides is not observed.
At higher temperatures 600-800 °C the XRD pattern shows only
the formation of the Bi,MNbO7 single phase.

X-ray diffraction patterns corresponding to solid state prepa-
rations of Bi,MNbO; samples are shown in Fig. 2. Solid
state preparations showed standard patterns corresponding to
BiInNbO7 ceramic compound as calculated from the cell
parameters and atomic positions reported by Zou et al. [17]. For
the Bio AINbO7 and Bi;SmNbO7 ceramic compounds, the cor-
responding diffraction peaks are shifted to the left, meaning that
the cell parameters are increasing which agree with the higher
ionic ratios. Diffraction peaks for BioFeNbO7 are shifted to the
right; attributed to the smaller ionic ratio of the trivalent metal. It
is important to mention that we found different thermodynamic
synthesis conditions than those previously reported by Zou et
al. [17], since we found lower temperatures (1000-1050 °C) of
reaction. Notice that the XRD patterns of all Bi,MNbO7 sol-gel
samples annealed at 800 °C shown the same reflection peaks than
the corresponding solid state preparations.

3.2. Thermal analysis

The evolution of fresh Bi;FeNbO7 sol-gel sample was fol-
lowed by TGA/DTA (Fig. 3). The TGA shows four weight loss
steps. The first one (I) appears between 30 and 150 °C (2.5 wt.%)
corresponding to water desorption. The second weight loss
(IT) occurs in the range of 150-240°C (12 wt.%), attributed to
coordinated water desorption. DTA curve shows three thermal

105 3.0
100-| =
(]
-2‘0 B
=
954 <]
1 =4
1.0 E
~ — o
e o
2 o loo =
£, 85 00 &
25 1 5
% g0 &
| 0z
75 3
j ] 5
20

70 1
65 T T T — 3.0
0 g 200 400 600 800

Temperature (°C)

Fig. 3. DTA and TGA plots of Bi;FeNbO7 prepared by sol-gel.

events. The first broad exothermic peak observed in the range
25-250 °C corresponds to two thermal events, the weight loss of
water and to the beginning of the crystallization of BisNb3O15,
in agreement with the results observed by XRD. The third
weight loss (IIT) appears in the temperature range of 250-350 °C
(10 wt.%), associated to the decomposition of residual alkoxy
groups. A slight endothermic change on the slope of DTA curve
occurs between 250 and 350 °C associated to third TGA step.
The last weight loss (IV) (5 wt.%) was observed in the tempera-
ture range of 370450 °C. This step corresponds to the complete
dehydroxylation of the sample [18]. In the temperature range of
400-600 °C an exothermic event occurred which, we associate
it to a structural transition, corresponding to the formation of the
ternary phase as showed by XRD (Fig. 1).

3.3. Infrared spectroscopy

The infrared spectra of the sol-gel Bi; AINbO7 sample treated
at various temperatures are shown in Fig. 4. For the fresh sam-
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Fig. 4. Infrared spectra of thermal evolution of Bip AINbO7 sol—gel.
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ple dried at 70 °C, we can observe a broad absorption band at
3304 cm™~! assigned to H-bridges or either hydroxyl groups or
water molecules bonded on the oxide surface trough H-bonding
[18]. The intensity of this band decreases as the annealing tem-
perature increases, since water is gradually desorbed. When the
sample was annealed at 400-800°C in the 3300-3400cm™!
region no peaks are observed. At this temperature range the
formation of the Bi AINbO7 took place according to the XRD
results.

In the 1690-500cm™! region, we can observe an adsorp-
tion band at 1626 cm™! assigned to the bending OH- vibrations
of residual surface hydroxylic groups, at 70 and 200 °C, how-
ever, it disappeared at 400 °C, due to complete dehydroxylation.
The adsorption band observed at 1408 cm™! is related to sym-
metric and asymmetric C-H bending vibrations of CH, and
CH3 groups. This band decreases with thermal treatment due
to desorption of residual solvents [18,19]. The band observed at
1294 cm™! in the spectra of the fresh sample corresponds to the
stretching vibration of C—OH bonds [20]. This band decreases
in intensity until it became as a small shoulder when the sample
was annealed at 400 °C.

Characteristic vibration bands of M—O bonds are observed
in the low energy region of the spectra [19]. In sol-gel samples
this band is observed between 618 and 586 cm™! and increases
in intensity as the annealing temperature increases. For solid
state prepared materials this band appeared between 600 and
480cm™!. FTIR spectra are in agreement with DTA/TGA and
XRD patterns.

3.4. UV—-vis spectroscopy

The energy band gap (E;) values for the different sam-
ples annealed at 400 °C were calculated using the equation
a(hv)=A(hv —Eg)mlz, where « is the absorption coefficient,
hv is the photon energy, A is a constant and m=1 represents
a direct transition between valence band and conduction band.
For the estimation of E from the UV—vis spectra, a straight line
was extrapolated from the absorption curve to the abscissa axis.
When « has a value of 0, then Eg = hv.

UV-vis diffuse reflectance spectra of the sol-gel selected
sample BipAINbO7 are shown in Fig. 5, where two slopes
at 400 °C and only one at 600 and 800 °C can be seen. The
lower E, values for the two slopes were obtained in the sam-
ple Bi;FeNbO7 (1.43 and 1.71eV) and the higher ones in the
Bip AINbO; sample (2.24 and 2.65eV). These results agree
well with the XRD analysis that shows the presence of two
phases at 400 °C (Bi,MNbO7 and BisNbzO;5) and the com-
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Fig. 5. UV-vis spectra of Bi AINbO7 sol—-gel heated at different temperatures.

pound Bi;MNbO7, as a single phase at 800 °C. The E; values for
the different sol-gel catalysts are reported in Table 1, where the
Eg value for TiO, P-25 reference photocatalyst is also included.
The effect of annealing temperature in the £, was studied in
the BioFeNbO7 sample annealed at 400, 600 and 800 °C, and the
obtained values are reported in Table 2. They show that the E,
increases with the annealing treatment. It must be noted that in all
of the cases, the energy band gap values were lower than those
obtained in TiO, P-25 reference catalyst. Furthermore, solid
state prepared materials present E; values comprised between
1.84 and 2.63 eV (Table 3) lower than that of TiO, (3.2eV).

Table 2
Characterization and photocatalytic activity on the methylene blue degradation
of BioFeNbO7 sol-gel prepared materials calcined at different temperatures

Catalyst TCO) BET area (m?%/ 2) Eg (eV) t1/2 (min)
BiyFeNbO7 400 20 1.43,1.71 13

600 5 1.9 32

800 <1 1.75 47
Table 3

Energy band gap and photocatalytic activity on the methylene blue degrada-
tion of BiyMNbO; (M = AI**, In**, Fe**, Sm?*) solid state prepared materials
(1050°C)

Catalyst Eg (eV)  t12 (min)  Catalyst Eg (eV)  t12 (min)
Bi; AINbO;  2.63 30 BiFeNbO7 1.84 37
Biy InNbO7 2.62 37 Bi;SmNbO;  2.48 37

Table 1

Characterization and photocatalytic activity on the methylene blue degradation of Bi;MNbO; (M= A1**, In3*, Fe**, Sm3") sol-gel prepared materials calcined at
400°C

Catalyst BET area (mz/g) Eg (eV) t1/2 (min) Catalyst BET area (mZ/g) Eg (eV) t1/2 (min)
Bip AINbO; 22 2.24,2.65 18 Bi; FeNbO7 20 1.43,1.71 13

Bi; InNbO7 23 1.62,2.20 27 Bi, SmNbO7 21 2.23,2.57 18

TiO; P-25; BET area=51 mzlg; Eg=3.20€V; t12 =45 min.
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Fig. 6. Nitrogen adsorption isotherms for Bip AINbO7 sol-gel heated at different
temperatures.

3.5. Textural properties

The specific surface areas were estimated from the nitro-
gen adsorption—desorption isotherms using the BET method. As
an example, Fig. 6 shows the nitrogen adsorption—desorption
isotherms for the BipAINbO7 sol-gel compound, annealed at
various temperatures. For the sample treated at 400 °C, a spe-
cific surface area of 22m?/g is obtained, while for samples
treated at 600 and 800 °C, the specific surface area strongly
diminishes, giving values of 7 and 2 m?/g, respectively. In all
the sol-gel samples similar behavior is observed, the specific
surface areas go down with thermal treatments. The calcu-
lated specific surface areas for the Bi,MNbO7 sol-gel sam-
ples annealed at 400°C are reported in Table 1. The effect
of thermal treatment in Bi,FeNbO; samples can be seen in
Table 2.

The specific surface areas obtained in solid state ceramic
compounds are lower than 1 m?/g. These values are of the same
order to those obtained in BipFeNbO; sol-gel sample calcined
at 800 °C (<1 m?/g).

3.6. Scanning electron microscopy

SEM micrographs in the backscattered electrons mode for the
Bi; AINbO7 compound thermally treated at different tempera-
tures are shown in Fig. 7. For the sample annealed at 200 °C,
very small grain size particles can be seen forming clusters of not
well defined form (Fig. 7(a)). The micrograph in Fig. 7(b) corre-
sponds to the sample calcined at 400 °C, where very fine particles
forming clusters are also observed. We can see small grains and
the formation of needles, which is evidence of the presence of
two phases (ternary Bip AINbO7 and binary BisNb3O15) as have
been observed by XRD and suggested from the UV—vis spec-
troscopic analysis.

Fig. 7(c) and (d) correspond to samples treated at 600
and 800 °C, respectively. Similar clusters of fine particles are
observed with grain sizes of about 0.5 wm. However, needles are
not observed, indicating that only the single phase Bi; AINbO7
is present at this temperature. Similar behavior was observed in
all Bi,MNbO7 sol-gel samples.

For comparison, Fig. 7(e) and (f) show the electron micro-
graph of BiMNbO; (M = AI**, In3*) phase obtained by solid
state method. These samples showed a high degree of sintering
and most of the grains present flat surfaces. Average grain size
for both materials is about 30—40 pm.

3.7. Photocatalytic evaluation

We found that the photocatalytic degradation of methylene
blue follows a kinetic of pseudo-first order and the activity was
expressed at the time to obtain 50% conversion (half time life,
t1/2)- Since the specific surface areas of sol-gel samples strongly
diminish with annealing temperature, we chose for methylene
blue photocatalytic degradation the samples treated at 400 °C
since all of them have similar BET areas around 20 m%/g.

The degradation of methylene blue as a function of time for
the BioMNbO?7 sol-gel samples (400 °C) is shown in Fig. 8. We
carried out also the photocatalytic reaction using TiO, (Degussa
P25) as reference material.

Plots on Fig. 9 show that the photocatalytic activity for
Bi,MNDbO7 sol—gel samples is higher than that of TiO5. It can
also be observed that the sol-gel Bi,FeNbO; sample presents
the higher photocatalytic activity (¢12 = 13 min) for methylene
blue photodegradation. On the other hand, for Bi, AINbO7,
Bi;SmNbO7 and Bi;InNbO7 catalysts, t1/, values were 18, 18
and 27 min, respectively. In Table 1, the #1> values obtained from
Fig. 9 are reported. Photocatalytic activity depends on many fac-
tors, among them, the E, and the specific surface area of the
photocatalysts. In our case, we can observe in Table 1 that the
specific surface area of the samples annealed at 400 °C, is of
the same order (20 m?/g) and then this parameter can be pointed
out as an important factor to explain the behavior of the sol—gel
samples. In Table 1, it can be seen that the photoactivity for
the different samples increases as the E, value diminishes. We
can then associate the lower E; values as an important factor in
catalytic activity efficiency.

The high efficiency presented by BiyFeNbO; (sol-gel at
400°C) could also be attributed to Fe;O3 observed by XRD
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Fig. 8. Photodecomposition as a function of time of methylene blue on Fig. 9. Plots for kinetic parameters determination in methylene blue degradation
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BiFeNbO7 photocatalysts annealed at different temperatures.

analysis. The small amount of unreacted Fe,O3 could play the
role of doping in a similar way to that observed in Fe,03/TiO>
photocatalysts [21]. In this case we would be in the presence of
a mixed semiconductor improving the catalytic efficiency.

Since the sol-gel sample of BioFeNbO7 heated at 400 °C
showed the higher photocatalytic activity, we decided to perform
a series of tests using the sol-gel samples annealed at 600 and
800 °C. Since at 800 °C the specific surface area is low, we can
compare the activity of the Bi;FeNbO7 sol—gel catalyst with the
solid state materials under the same experimental conditions.

In Fig. 10, the evolution of methylene blue photodegrada-
tion as a function of time is shown for the Bi;FeNbO7 catalysts
obtained by sol-gel (400, 600 and 800 °C) and compared with
the solid state catalysts prepared at 1000 °C, the TiO, Degussa
P-25 reference catalyst is also included.

From the results plotted in Fig. 11, #1/» was calculated and the
results are reported in Table 2. The higher activity is showed by
Bi,FeNbO7 sol-gel catalyst annealed at 400 °C (#1/2 = 13 min),
which is far of that obtained with the samples calcined at 600 or
800 °C (12 =32 and 47 min, respectively) or to that showed by
the solid state material (¢1/ =38 min). Note that these half time
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Fig. 11. Plots for kinetic parameters determination on methylene blue degrada-
tion on sol-gel Bi;FeNbO7 photocatalysts annealed at different temperatures.

life values are lower or similar to that obtained with the TiO,
Degussa P-25 (¢1 =45 min) catalyst.

The lower activity showed by the BioFeNbO7 samples treated
at 600 and 800 °C in comparison with the sample calcined at
400 °C can be related to the important decrease in the specific
surface area showed by the samples annealed at high temper-
ature. However, the intrinsic semi-conductor properties of low
specific surface area composites are maintained.

For comparative study the E; and kinetic parameters (¢1/2)
for Bi,MNbO; (M =AIP*, In**, Fe?*, Sm?) corresponding
to ceramic compounds synthesized by solid state method are
reported in Table 3. A photoactivity of the same order of that
obtained with the Bi;FeNbO7 sol-gel sample annealed at 800 °C
and to that observed for TiO, P-25 catalyst is observed. In spite
of their low specific surface area, the BiMNbO7 ceramic com-
pounds showed photoactivity comparable to TiO; catalyst.

4. Conclusions

An alternative sol-gel route for the preparation of Bi,MNbO7
M=AP*, In*, Fe**, Sm3*) is reported. It has been demon-
strated that the family of BiMNbO; compounds shows an
important photocatalytic activity. The Bi;FeNbO; sol-gel
(400 °C) catalyst presents the highest photocatalytic activity for
the methylene blue degradation. It is highlighted that sol-gel
products annealed at 400 °C showed better performance than
those prepared by solid state reaction or TiO, P-25.

Low specific surface area solid state preparations and sol—gel
Bi;MNbO7 materials annealed at 800 °C show nearly the same
photoactivity, comparable to TiO, P-25 reference photocatalyst
in the dye photodegradation. A good agreement between E, and
photocatalytic activity was reported.
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