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a b s t r a c t

Multiferroic BiFeO3 nanoparticles were prepared by a sol–gel rapid calcination technique with average
diameter of 35 nm with narrow size distribution. The band gap was determined to be 2.06 eV, indicating
their potential application as visible-light-response photocatalyst. The photocatalytic behaviors of BiFeO3
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nanoparticles were estimated by the degradation of Rhodamine B (RhB) under visible light irradiation.
And the photocatalytic activities under different pH values were further studied for the first time. The
result shows that the BiFeO3 nanoparticles exhibit the highest photocatalytic activity in the solution with
the lowest pH value, almost 100 times higher than that of the bulk.

© 2011 Elsevier B.V. All rights reserved.
isible light irradiation
hotocatalytic

. Introduction

BiFeO3, as one of the multiferroic materials, posseses ferro-
lectric and magnetic order at the same time. Therefore, it’s been
idely used in magnetic and ferroelectric devices [1,2]. BiFeO3
as been fabricated by traditional solid state route which needs
igh temperature and subsequent acid washing [3,4]. Some soft-
hemical methods such as hydrothermal [5–7] and sol–gel method
8–10] were developed to realize the uniform mixing of raw mate-
ials and to reduce reaction temperature. But some impurities like
i36Fe24O57 and Bi2Fe4O9 exited unavoidably in the sample fabri-
ated by a sol–gel method with Bi(NO3)3·5H2O and Fe(NO3)3·9H2O
issolved in 2-methoxyethanol and annealed at 600 ◦C for 30 min
11]. Another phase Bi25FeO40 still appeared in the powders syn-
hesized by hydrothermal route [6]. Thus, preparation of pure phase
iFeO3 is still a great challenge.

Recently, it was found that many materials such as LaMnO3 and
aCoO3 [12] with Perovskite structure like BiFeO3 have attracted
reat interest in photocatalysis field. Recently, Liu and co-workers
rst studied the photocatalytic activity of BiFeO3 nanoparticles in
O (methyl orange) solution [13]. In this paper, the pure phase
iFeO3 nanoparticles were successfully prepared by a sol–gel rapid
alcination technique, and meanwhile, considerable work was
one to research the visible-light-induced photocatalytic property
f BiFeO3 nanoparticles under different pH values. Furthermore,
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oi:10.1016/j.jallcom.2011.03.074
the room-temperature weak ferromagnetism of BiFeO3 will facil-
itate the separation of the catalyst from the aqueous solution. All
those endow potential fascination to BiFeO3 nanostructures for the
promising application in water treatment.

2. Experimental

2.1. Preparation

The BiFeO3 nanoparticles were synthesized by a sol–gel rapid calcination tech-
nique. All the reagents were analytical reagent grade and were used as received
without further purification.

In a typical synthesis, 15 mmol bismuth nitrate pentahydrate (Bi(NO3)3·5H2O)
was first dissolved in 36 mL ethylene glycol (EG, HOCH2CH2OH) to form a transpar-
ent solution. Then 15 mmol ferric nitrate nonahydrate (Fe(NO3)3·9H2O) was added
into the solution. After magnetic stirring for 1 h, a brownish red colloidal sol was
obtained. The solution was dried at 80 ◦C for 48 h and the BiFeO3 xerogel powder
formed. The xerogel was preheated at 400 ◦C for 0.5 h to remove organic compounds
and NO3

− . Consequently, the remained powders were maintained at 500 ◦C for 0.5 h
before quenching to room temperature. Finally, the as-prepared sample was washed
with distilled water and absolute alcohol for several times and dried at 80 ◦C. For
comparison, bulk BiFeO3 was prepared by traditional solid state method according
to Ref. [4].

2.2. Characterization

The phase of the samples were examined by X-ray diffraction (XRD) patterns
on a Bruker D8 Advanced diffractometer. The patterns were collected using unfil-
tered Cu K�-radiation and the Bragg–Brentano geometry over the 2� range 10–80◦ .

The morphology of the as-prepared sample was observed by transmission elec-
tron microscopy (TEM, Hitachi, Model H-800, accelerating voltage 200 kV). UV–vis
absorption spectrum of the sample was obtained on a Shimadzu UV2450 UV–vis
spectrophotometer with an integrating sphere.

The equipment for photocatalytic reaction is self-designed. The visible-light
source was a 500 W Xe lamp positioned in a quartz cold trap which was in the

dx.doi.org/10.1016/j.jallcom.2011.03.074
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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6586 X. Wang et al. / Journal of Alloys and Compounds 509 (2011) 6585–6588

F ctivel
n

m
a
w
4
u

i
t
p
u
t
c
d
p
a
f

3

p
s
a
p
i
o
i
o
s
a

ig. 1. (a) XRD patterns of the samples calcined at (1) 500 ◦C and (2) 600 ◦C, respe
anoparticles.

iddle of multiposition cylindrical reaction vessel. The system was cooled by wind
nd water and was maintained at the room temperature. Appropriate cutoff filters
ere placed around the cold trap to ensure complete removal of radiation below

00 nm and to ensure that the catalysis of the RhB/BiFeO3 system occurred only
nder visible light.

In the experiment, 0.02 g BiFeO3 was added to 10 mL RhB solution (10−5 mol L−1)
n the vessel. Before illumination, the suspensions were stirred in the dark for 1 h
o ensure the establishment of an adsorption–desorption equilibrium between the
hotocatalyst and RhB. Then the solution was exposed to visible light irradiation
nder stirring. At given time intervals, 3 mL suspension was sampled and centrifuged
o remove the photocatalyst particles. Then, the UV–vis adsorption spectrum of the
entrifugated solution was recorded by a spectrophotometer. Experiments under
ifferent pH were also carried on to reveal the role of pH value played on the
hotocatalytic activity of BiFeO3 nanoparticles. The pH values were adjusted by
dding HCl or NaOH. The photocatalytic property of bulk BiFeO3 was also studied
or comparison.

. Results and discussion

Fig. 1(a) shows the XRD patterns of the prepared BiFeO3 sam-
les calcined at different temperatures. All diffraction peaks of the
ample prepared at 500 ◦C can be indexed to rhombohedral BiFeO3
ccording to the reported data (JCPDS No.71-2494), and the lattice
arameters were calculated as a = b = 5.5774 Å and c = 13.8667 Å. As

ncreasing the calcination temperature to 600 ◦C, the crystallization

f the sample slightly increased, while higher heating temperature
nduced the formation of the impurity Bi25FeO40. The morphol-
gy of the pure phase BiFeO3 sample was investigated by TEM. As
hown in Fig. 1(b) and (c), it is clear that the particles exhibit an
verage diameter of about 35 nm with narrow size distribution. The

Fig. 2. XPS core spectra of (a) Bi 4f, (b) Fe 2p for the as-synthesized bism
y. (b) TEM image and (c) the size distribution (histogram) of the prepared BiFeO3

above results confirm that the pure rhombohedral BiFeO3 nanopar-
ticles can be successfully prepared by the sol–gel rapid calcination
method with EG as solvent at relatively low temperature.

The high-resolution XPS core spectra of Bi 4f and Fe 2p for the
BiFeO3 nanoparticles are presented in Fig. 2. As shown in Fig. 2(a),
the peaks at 157.9 and 163.2 eV correspond to the binding energy of
Bi 4f7/2 and 4f5/2 of Bi3+, respectively. In Fig. 2(b), the binding energy
of 710.8 and 724.4 eV correspond to the Fe 2p3/2 and 2p1/2 peaks
arising from the spin–orbital interaction. No shoulder was observed
around the Fe 2p peaks. Moreover, a satellite peak at 718.8 eV was
found about 8 eV above the Fe 2p3/2 peak, which was considered as
the characteristic of the oxidation state of Fe [14]. Due to different
d orbital electron configurations, Fe2+ and Fe3+ exhibit a satellite
peak at 6 or 8 eV above their 2p3/2 principal peaks, respectively
[15]. No peaks for Fe2+ were detected. It can be verified that Fe is in
the +3 valence state in the sample. Additionally, the inset of Fig. 2(b)
exhibits the symmetrical O 1s core spectrum with binding energy
of 531.9 eV, further confirming the single phase of the as-prepared
BiFeO3 nanoparticles.

The UV–vis absorption spectrum of BiFeO3 nanoparticles is
shown in Fig. 3. A steep absorption edge at about 600 nm was
observed due to the band gap absorption. The electronic band at
3.2 eV (388 nm) can be assigned as minority channel dipole-allowed

charge transfer excitations and the long tail from 600 to 800 nm is
due to the scattering [16–18]. The optical absorption coefficient
near the band edge follows the equation (˛h�)n = B(h� − Eg), where
˛, h, �, Eg and B are absorption coefficient, Planck constant, light
frequency, band gap, and a constant, respectively. The absorption

uth ferrite nanoparticles. The inset shows the O 1s core spectrum.
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ig. 3. UV–vis absorption spectrum of the obtained BiFeO3 nanoparticles. The inset
hows the corresponding (˛h�)2∼h� plot.

oefficient ˛ was obtained as ˛ = A/(t·log e), where A is the mea-
ured absorbance obtained from the UV–vis spectrum and t is the
hickness of the cuvette. The corresponding (˛h�)2∼h� plot for the
ample is shown in the inset of Fig. 3. This relationship gives the
and gap (Eg) by extrapolating the straight portion of (˛h�)2 against
� plot to the point ˛ = 0. Because of the plot of obvious linear
ature, the value of n for BiFeO3 is 2, indicating that it is a direct band
ap material. The band gap is estimated about 2.06 eV by the lin-
ar extrapolation, which is quite comparable with previous results
.1 eV and 2.03 eV [19,20] and smaller than that of the bulk BiFeO3
2.8 eV) [21]. Therefore, BiFeO3 nanoparticles may have a potential
pplication as promising photocatalytic decomposition material in
he expanded visible-light region.

To determine the photocatalytic activity of the BiFeO3 nanopar-
icles, the photocatalytic performances were investigated by the
egradation of RhB aqueous solution. RhB was selected as the
odel pollutant because of its obvious absorption at 553 nm.

ig. 4(a) displays the temporal evolution of the spectra during the
hotodegradation when pH 0.5. The rapid decrease of RhB absorp-
ion at the wavelength of 553 nm demonstrated the decomposition
f RhB [22] and after only 60 min RhB in the solution was totally
ecomposed.

Furthermore, the photocatalytic kinetics of the BiFeO3 nanopar-
icles under different pH values and that of bulk BiFeO3 were also
nvestigated. Langmuir–Hinshelwood model expressed in Eq. (1)

as applied to understand the reaction kinetics quantitatively. This
odel has been used to calculate the rate constant of photocatalytic

xperiments before [23].

= −dc

dt
= krKC

1 + KC
(1)

here r is the reaction rate, kr is the reaction rate constant, K is
he absorption coefficient of the reactant, and C is the reactant con-
entration. When C is very small, Eq. (1) can be expressed by Eq.
2).

= −dC

dt
= krKC = kC (2)

here k is the first-order rate constant. Set t = 0, C = C0, Eq. (3) can
e induced.
n
C0

C
= kt (3)

Fig. 4(b) shows the photocatalytic activities of BiFeO3 nanopar-
icles at different pH values (pH 0.5, 2.5, 4.5, 6.5, 8.5, 10.5 and
2.5, respectively), as well bulk BiFeO3. It is clear that the kinetic
Fig. 4. (a) Absorption changes of RhB solution in visible-light-induced photocat-
alytic process when pH 0.5. (b) The photocatalytic kinetics of BiFeO3 nanoparticles
under different pH values.

simulation curve with irradiation time (t) as abscissa and ln(C0/C)
as the vertical ordinate is close to a linear curve with the fit-
ting constant R above than 0.96. BiFeO3 nanoparticles have much
higher photocatalytic activity than the bulk BiFeO3, which may
be due to their large surface area providing more reaction sites.
Besides, the scattering effect could not be ignored for the bulk
BiFeO3, leading to the reduction of absorption. Obviously, the acid-
ity of the RhB solution remarkably influences the photocatalytic
behavior of bismuth ferrite. As for BiFeO3 nanoparticles, the pho-
tocatalytic activity markedly improved with decreasing pH values.
Because pH value of the solution influences the absorption of the
dye molecules on the surface of the catalyst which is very important
during photodegradation. When in the acid solution, large amount
of positive charges accumulated on the surface of BiFeO3 nanopar-
ticles were benefit for the dispersion of the nanoparticles and the
subsequent photochemical reaction. Whereas, when in the alka-
line environment, negative charges on the surface of nanoparticles
were conducive to the absorption of the positive RhB molecules,
leading to the reduction of the active sites for photocatalytic reac-
tion [24]. Moreover, due to their large surface area offering more
reaction sites, BiFeO3 nanoparticles exhibit much enhanced pho-
tocatalytic activity (k = 0.0692 min−1 at pH 0.5), almost 100 times
higher than that of the bulk (k = 0.0007 min−1).
Fig. 5 shows the process of the catalytic reaction and catalyst
collection of the BiFeO3 nanoparticles/RhB system. The reddish
orange color of the solution disappeared after a total degradation
and the turbid solution quickly became clear when an external
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ig. 5. Photo of the catalytic reaction process and the collection of BiFeO3 nanopar-
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agnetic field was applied. It suggests that the weak ferromag-
etism of BiFeO3 nanoparticles will greatly facilitate the separation
nd reuse of the catalyst. The combination of weak ferromagnetism
nd enhanced visible-light-induced photocatalytic activity endows
iFeO3 nanomaterials everlasting interests in water treatment.

. Conclusion

In conclusion, the pure phase BiFeO3 particles with average
article size of 35 nm are successfully prepared by the sol–gel
apid calcination strategy. It indicates that the rapid calcina-
ion is a significant technique in the process of fabricating pure
hase BiFeO3 nanoparticles. The visible-light-induced photocat-
lytic activity was also investigated. BiFeO3 nanoparticles exhibit
he weak room-temperature ferromagnetism and their higher pho-
ocatalytic activity than the bulk, which predicts their promising
pplication in water treatment.
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