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ABSTRACT

Bismuth ferric oxide nanopowders were prepared through combustion method. Pure phase and well-
crystallized BiFeOs can be obtained by controlling the combustion process, fuel type and fuel-to-oxidant
ratio. The evolutions of phase constitution and structural characteristics of the as-resulted nanopowders
were investigated by X-ray diffraction, scanning electron microscope, and simultaneous thermogravimet-
ric analysis. The results revealed that both the type and amount of fuel have to be carefully considered
because they play an important role in total reaction characteristics. Among all tested fuels, L-a-alanine
and glycine are the suitable fuels for BiFeO3; synthesis. For a-alanine, the optimal fuel-to-oxidant ratio
is 0.22, which results in a suitable flame temperature for BiFeOs3 formation. Still, too little fuel would
result in only amorphous phase powders due to the low flame temperature and too much fuel would
lead to transformation of the BiFeO3 phase to impurities because of the high flame temperature involved.
The resulting BiFeO; nanopowders exhibited strong H,0,-activiting ability and weak magnetism. When
BiFeO3; nanopowders were used as a heterogeneous Fenton-like catalyst to degrade rhodamine B (RhB),
the apparent rate constant for RhB degradation in the presence of H,0, at pH 5.0 was evaluated to be

0.048 min—!.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, multiferroics, showing the coexistence of mag-
netic and ferroelectric orders in a certain range of temperature,
have attracted a great deal of attention due to the fascinating
fundamental physics and potential applications in information
storage, the emerging field of spintronics, and sensors [1]. Among
all multiferroic materials studied so far, BiFeO3 (BFO) is one of the
well-known multiferroic compounds having simultaneous ferro-
electric and G-type antiferromagnetic orders over a broad range
above room temperature (Curie temperature > 800 °C, Neel temper-
ature=370°C) [2-5]. In addition to the potential magnetoelectric
applications, BFO might find applications as photocatalytic materi-
als due to its small bandgap [1,6,7].

Previous studies have demonstrated that synthesis of BiFeO3
nanoparticles via a traditional solid-state method produces poor
reproducibility and causes formation of Bi,03/BiyFe409 impurity
phase [8]. In the solid state route, Bi;O3 and Fe,0O3 are reacted
at a temperature in the range of 800-830°C and unreacted Bi, 03,
impurity phases Bi;Fe4Og and BiysFeQy4 are removed by washing
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in HNOs. The crystallization temperature of BFO for this method is
too high to avoid bismuth loss.

The ceramic BiFeO3 phase pure compound is very difficult
to achieve. Secondary phases like Bi; O3, Bi;Fe4Oq9 and BiysFeOsg
are reported to systematically appear due to the kinetics of
phase formation. In recent years, the synthesis of BiFeO3 nano-
materials has been achieved by various techniques, including
hydrothermal synthesis [9-12], polymer-assisted hydrother-
mal synthesis [13], microwave-hydrothermal synthesis [14],
mineralizer-assisted hydrothermal synthesis [15], microwave-
induced solid-state decomposition [16], sol-gel process [17-19],
Pechini [20] and modified Pechini method [21], molten-salt
method [22,23], sonochemical and microemulsion techniques
[24], co-precipitation [25-28], EDTA complexing sol-gel process
[29], polymeric precursor method [30,31], ferrioxalate precursor
method [32], polymer-directed solvothermal route [33], polyacry-
lamide gel route [34] and tartaric acid-assisted gel strategy [35].
However, each of these methods has its own advantages and
limitations. To our knowledge, complex process control, high reac-
tion temperature or long synthesis time may be required for
these approaches. From a practical viewpoint, the development
of simpler, energy efficient and environmentally benign proce-
dures to obtain BiFeO3 nanopowder with a regular morphology
and a homogeneous chemical composition is still an active area
of research.
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Among the various wet chemical processes, the combustion
route is found to be a versatile, simple and rapid process, which
allows effective synthesis of a variety of nanosize materials [36].
This method relies on the exploitation of the combustion reaction
enthalpy, which is taking place when rapidly heating a mix-
ture containing the desired metal nitrates and various organic
fuels. The highly exothermic nature of the reaction ensures the
self-propagating character of the combustion process. The tem-
perature reached within the reactant system is high enough to
promote the formation of the desired compound without any
additional annealing. Pure crystalline MgAl,04 was synthesized
from the combustion reaction by using fuel mixtures containing
urea and monoethanolamine or urea and [3-alanine, no additional
calcination being necessary [37]. Lanthanum-based perovskite
oxide powders, LaFeO3; and LaMnOs, were produced by aque-
ous combustion synthesis using two different fuels [38]. A pure
phase fully densified LaggS;02CrO3 (LSC) perovskite membrane
was synthesized by aqueous combustion method using the metal
nitrates (oxidizer)-glycine (fuel) system [39]. Fine particle per-
ovskite oxides such as LnCrO3; (where Ln=La, Pr, Nd, Sm, Dy, Gd,
and Y), La; _,SrxMnOs, LaCo0O3, and LaNiO3 were prepared by the
combustion of corresponding metal nitrate-tetraformal trisazine
(TFTA) mixtures at 350°C/500°C in a few minutes under ambi-
ent conditions [40]. Orthorhombic structure perovskite LaFeO3
nanocrystalline with size 27 nm were prepared by glycine combus-
tion method [41]. Mixed-conducting oxide SrFeCog 50, powders
were synthesized by auto-combustion of citrate-nitrate gel [42].
Strontium-doped lanthanum manganite (Li; _ ySrxMnO3) powders
were synthesized by a solution combustion method using a unique
combination of oxidant and fuel, nitrate-acetate stoichiometri-
cally [43]. However, so far, to the best of our knowledge, there are
few reports on the preparation of pure BiFeO3; using combustion
method [44,45].

It is well known that physicochemical properties of the oxide
powders synthesized by combustion process are mainly depend-
ing on the nature and the amount of fuel that used [46,47].
However, a systematic approach towards fuel and fuel-to-oxidant
ratio selection for BiFeO3 synthesis is still lacking. Some authors
[48] failed to obtain single phase BiFeO3; nanopowders directly
from the combustion reaction. As a consequence, the previously
combustion-synthesized powders were annealed at different tem-
peratures in order to ensure the formation of BiFeOs.

The combustion method is based on the mixing of reactants that
oxidize easily, such as metal nitrates, and an organic fuel, acting as
areducing agent. An external heat supply is needed to initiate the
ignition of the mixture leading to a self-sustainment of an exother-
mic redox reaction. Therefore, both the types and amounts of fuel
have to be carefully considered because they play an important role
in total reaction characteristics. The aim of this paper is to system-
atically investigate the effect of fuel-type and fuel-to-oxidant ratio
on morphology, composition, size and shape of the product in the
synthesis of crystalline BiFeO3 perovskite nanopowders, and obtain
pure-phase BiFeO3 nanopowders right from low-temperature com-
bustion synthesis.

2. Experimental
2.1. Materials and synthesis

The starting raw materials were analytical grade purity and were used
as received without further purification. Bismuth nitrate [Bi(NOs)s;-5H,0] and
iron nitrate [Fe(NO;)3-9H,0] were used as oxidizing agents, whereas citric
acid (CgHg07-6H,0), urea (CON,Hy), stearic acid (CigH302), glycine (C;HsNO-),
ethylene glycol (C;HgO,), ethanolamine (C;H7NO), sucrose(Ci2H22011), L-a-
alanine (C3H7NO,), L-aspartic acid (C4H7NO4), L-valine (CsH;1NO;) and L-leucine
(CsH13NO, ) were used as fuels.

Equi-molar mixtures of Bi(NO3)3;-5H,0 and Fe(NO3)3-9H,0 were dissolved in
diluted HNO; to form aqueous solution. The appropriate amount of fuel was then

added to the above solution, respectively, and the mixture was stirred until com-
plete dissolution occurred. The fuel-to-oxidant ratio was derived from the total
oxidizing and reducing valences of the oxidizer and fuel using the concepts of propel-
lant chemistry [49]. In a theoretical stoichiometric composition, oxidizing valence
provided by the oxidizer is equal to reducing valence from the fuel. Every step men-
tioned above was accompanied by constant magnetic stirring to make the solution
transparent and homogeneous. The resultant solution was transferred into a ceramic
crucible and kept at 80 °C for 8 h in a vacuum oven till it became a dark viscous resin,
and then placed in a muffle furnace at 300°C. The viscous resin bubbled up and
auto-ignited with the rapid evolution of a large volume of gases. The whole process
was over after several minutes, but the time between the actual ignition and the
end of the reaction was less than 20 s. After the combustion is over in furnace, it is
further heated for 5-10 min to allow complete combustion of material. Finally, as-
synthesized products were taken out of furnace and grinding was done to achieve
finer powder. The crystal structure of the synthesized powder was characterized.

2.2. Characterization

The viscous resin was subjected to thermogravimetric analyzer (TGA 4000,
PerkinElmer, USA) to determine the temperature of possible reaction. The samples
were heated at a rate 10°C/min up to 600 °C under air flow. The morphologies were
observed with a scanning electron microscope (SEM, JEOL ]SM-6330F, Japan) oper-
ated at an accelerating voltage of 20 kV. The crystalline phases of the samples were
identified by X-ray diffraction (XRD, Siemens D-5000) with a graphite monochro-
mator and Cu Ka1 (A =0.15406 nm) radiation operating at 36 kV, 20 mA. The type of
scanning was 260-0 mode with a speed of 8° min~"! in the range of 10°-80°. The crys-
tallite size was determined based on the XRD patterns (hkl planes: 101,012 and
110) using the Sherrer’s equation: D=0.89A/(Bcos 8), where D is the crystallite size
in nm, X is the radiation wavelength (Cu Ka1, 0.15406 nm), § is the full width at half
of the maximum in radians and 6 is the Bragg-angle. The magnetic properties (M-H
curve) were measured at 300 K on an ADE 4HF vibrating sample magnetometer.

2.3. Photocatalytic degradation experiment

The photocatalytic activity was evaluated by the degradation of rhodamine
B (RhB) in aqueous solution under visible-light irradiation using a 175W metal
halide lamp with a cut-off filter (A >400 nm). The reaction temperature was kept
at room temperature by cooling water to prevent any thermal catalytic effect. In
each experiment, aqueous suspension of 100 mL RhB with the concentration of
10mgL-" and 0.1 g BiFeO3; powder (1gL~!) was placed in a reactor under vigorous
stirring. The suspension was magnetically stirred in dark for 30 min to achieve the
adsorption/desorption equilibrium between the solution and catalyst. The RhB con-
centration after equilibration was measured and taken as the initial concentration
(co). Then, the degradation reaction was initiated by adding 0.1 mL H, 0, (30%) under
magnetic stirring conditions. Solution samples were taken at a given time intervals
during the reaction and centrifuged, the RhB concentration in the supernatant was
determined by using a UV-visible spectrophotometer (TU1801, PGENERAL)

3. Results and discussion
3.1. Effect of fuel type on the combustion synthesis of BiFeO3

The elemental stoichiometry of each combustion reaction was
calculated using the concepts of propellant chemistry. According to
the method proposed by Jain et al. [49], the initial composition of
the solution containing bismuth nitrate, iron nitrate and fuel was
derived from the total reducing and oxidizing valences of the fuel
and oxidizer. Carbon, hydrogen, bismuth and iron were considered
as reducing species with corresponding valences of +4, +1, +3 and
+3, respectively. Oxygen was considered an oxidizing element with
valence of —2, and nitrogen was considered to be 0. In the case of
glycine—nitrate combustion, the total calculated valences of metal
nitrates by arithmetic summation of the oxidizing and reducing
valences was —30. The calculated valence of glycine was +9.

The theoretical stoichiometric composition of the
glycine-nitrate redox mixture demanded the presence of
1x(=30)+nx(+9)=0, or n=3.33mol in the reaction. Assumed
that in the case of glycine-nitrate combustion, primarily N5, CO,
and H,O0 are evolved as the gaseous products, the stoichiometric
redox reaction can be expressed as follows:

Bi(NO3)3-5H;0 + Fe(NOs3)3-9H,0 + 3.33C;H5NO,
— BiFeO; + 6.66C0; +22.33H,0 + 4.66N, 1)
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Fig. 1. X-ray diffraction patterns of the powders prepared from Bi(NOs )3, Fe(NOs )3
and various fuels by combustion synthesis.

The number of moles of gases produced per mole of oxide
(BiFeO3) formation is about 33.65. The fuel-stoichiometric com-
position indicates Gly/NO3~ =0.56 (glycine-to-nitrate ion ratio),
while fuel-lean composition range shows Gly/NO3~ <0.56 and fuel-
rich composition range means Gly/NO3~ > 0.56, respectively. In our
work, this so-called stoichiometric composition is actually a fuel-
lean composition, because the diluted HNO3 (2 mL, 2 mol/L) was
added to dissolve Bi(NO3)3-5H,0.

The theoretical stoichiometric fuel-to-oxidizer ratio
(Fuel/NO3~) of different fuels, including urea, stearic acid, ethylene
glycol, sucrose, ethanolamine and citric acid was calculated in the
same manner as glycine—nitrate system.

Fig. 1 shows the XRD patterns of the powders prepared using
various fuels in stoichiometric fuel-to-oxidant ratio at 300°C. The
synthesis using citric acid (CA) or sucrose (S) as fuel resulted in two
kinds of impurities (Bi,5FeOsg and Bi,Fe4Og), whereas the powder
obtained using urea (U) or ethylene glycol (EG) had amorphous
structure. In the case of the oxides prepared using stearic acid
(SA) as fuel, a mixture of BiFeO3 and Bi,O3 was obtained. When
glycine (Gly) and ethanolamine (EA) were employed as fuels, one
can easily observe that majority of the peaks belong to rhombo-
hedral perovskite BiFeO3; phase (according with JCPDS 86-1518,
74-2493 or 73-0548) along with other impurities phases such as
BiysFeO39 and BiyFe,Og in BFO powder. It is obvious that among
all the tested fuels, ethanolamine and glycine are the most suitable
fuel that allows the formation of BiFeO3 directly from the combus-
tion reaction. In contrast to this, Farhadi et al. [45] very recently
tested various organic fuels including urea, citric acid, glycine and
sucrose to synthesize BiFeO3 by combustion method and found that
sucrose (C12H»2011) is the best fuel and resulted in the formation
of pure and nano-size BiFeO3; powder.

3.2. Amino acid approach for the combustion synthesis of BiFeO3

The combustion reaction can be explosive, yielding a high flame
which quickly propagates through the reactant mixture. There-
fore, safety becomes more and more important when many grams
of powder have to be prepared by auto-combustion synthesis, as
observed by other authors [50,51]. In this work, the combustion
reaction employed EA as fuel is the most explosive and a lot of
powders are displaced from the combustion crucible, which leads
to product lost.

Considering the experimental result presented above and the
safety conditions, it can be inferred that glycine is a more appro-
priate fuel for synthesizing BiFeO3;. However, the as-synthesized
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Fig. 2. X-ray diffraction patterns of as-synthesized powders using glycine with var-
ious fuel-to-oxidant molar ratios: (a) Gly/NO3~ =0.19 fuel-lean (-66%); (b) 0.28
fuel-lean (—50%); (c) 0.37 fuel-lean (—34%); (d) 0.56 stoichiometric; (e) 0.84 fuel-rich
(+50%).

powders obtained at theoretical stoichiometric fuel-to-oxidant
ratio are not pure BiFeQOs. In order to verify the effect of fuel type
and fuel-to-oxidant ratio on the characteristics of as synthesized
powders, we systematically tested various amino acid, for example,
glycine, L-a-alanine, L-aspartic acid, L-valine and L-leucine.

The XRD patterns of the as-prepared powders with various
glycine-to-oxidant molar ratios (Gly/NO3~) are shown in Fig. 2. It
can be seen that Gly/NO3~ plays an important role in the formation
of pure BiFeO3 powder. When Gly/NO3~ =0.19 (fuel-lean reaction,
—66%), only a mixture of amorphous phase and Bi; 03 phase was
obtained, which indicates the incomplete combustion of precur-
sors. With the increase of Gly/NO3~, the phase transformation of
amorphous phase to BiFeO3; and Bi, O3 happened, and two phases
BiFeO3 and Bi, O3 were obtained in the 0.28 Gly/NO3 ™ ratio (—50%).
AtGly/NO3;~ =0.37 (fuel-leanreaction, —34%), nearly all of the Bi, O3
and amorphous phases were transformed to BiFeOs. Only the peaks
corresponding to perovskite-type BiFeO3; (JCPDS Card No. 86-1518)
were recognized, whereas no peaks attributable to Bi,O3 and/or
Fe,03 and unreacted precursor materials were detectable. The
mean crystallite size of BiFeO3 calculated by the Sherrer’s equation
was about 28 nm. By increasing Gly/NO3 ~ to above 0.56 (theoretical
stoichiometric), Bi;sFeOy4g and BiyFe4Og9 phase was observed.

Fig. 3 presents the XRD patterns of the powders prepared
with different o-alanine-to-oxidant molar ratios (a-Ala/NO3™).
It is revealed that the BiFeO3 nanopowder is highly crystallized
and exhibits a single-phase perovskite structure in the 0.22 «-
Ala/NO3~ ratio (fuel-lean reaction, —33%). Non-perovskite phases
such as BiyFe4O9 and Bi,03/Fe;03 are not detected in XRD spec-
tra. The crystallite size of the powders is about 32 nm. When
a-Ala/NO3~ =0.17 (-50%), only amorphous phase powders were
obtained. By increasing a-Ala/NO3~ to above 0.33 (theoretical sto-
ichiometric), gradual transformation of the BiFeO3; phase to the
BiysFeO39 and BiyFe4Og9 phase occurred. Fig. 4 shows the X-ray
diffraction patterns of as-synthesized powders with various L-
Asp-to-oxidant, L-Val-to-oxidant and L-Leu-to-oxidant ratios. It is
obviously seen that pure BiFeO3 powders can not be obtained using
these three kinds of amino acid under both fuel-lean and fuel-rich
conditions.

Amino acids contain a carboxylic acid group at one end and an
amino group at the other end; they become zwitter ions on dis-
solving in water with both a positive and negative charges. Such
types of zwiterionic character of amino acid molecule can effec-
tively complex metal ions of varying ionic sizes, which helps in
preventing their selective precipitation to maintain compositional
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Fig. 3. X-ray diffraction patterns of as-synthesized powders using a-alanine with
various fuel-to-oxidant ratios: (a) a-Ala/NO3~ =0.17 fuel-lean (—50%); (b) 0.22 fuel-
lean (—33%); (c) 0.33 stoichiometric; and (d) 0.50 fuel-rich (+50%).

homogeneity among the constituents. On the other hand, amino
acid can also serve as a fuel during a combustion reaction, being
oxidized by nitrate ions [52,53]. Glycine is known to act as a strong
complexing agent for a number of metal ions [54]. Glycine forms
stable gel with mixed nitrate solutions of bismuth and iron and the
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Fig. 4. X-ray diffraction patterns of as-synthesized powders with various
fuel-to-oxidant molar ratios: (a) L-Asp/NO3;~ =0.22 fuel-lean (-33%); (b) 0.33 stoi-
chiometric; (c) 0.5 fuel-rich (+50%); (d) L-Val/NO3~ = 0.12 fuel-lean (—33%); (e) 0.19
stoichiometric; (f) 0.28 fuel-rich (+50%); (h) L-Leu/NO3;~ =0.10 fuel-lean (—33%); (i)
0.15 stoichiometric; (j) 0.30 fuel-rich (+50%).

combustion of the gel produces phase pure nano-crystalline pow-
der. a-Alanine is a common amino acid used as a reducing fuel
to achieve synthesize of ferrites at low temperature. It belongs to
the same amino acid series as glycine, but unlike glycine it has an

Fig. 5. SEM photographs of as-synthesized powders with various fuels (a) Gly/NO3~=0.37 (fuel-lean reaction); (b) Gly/NO3~=0.56 (stoichiometric reaction); (c) a-

Ala/NO;~ =0.22 (fuel-lean reaction); (d) a-Ala/NO3~ = 0.33 (stoichiometric reaction).
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extra branched methyl group that might cause evolution of a large
quantity of gases during combustion resulting in fine particles [55].
Moreover, alanine undergoes chelation with both trivalent bismuth
and iron ions facilitating the chelation process that precedes the
combustion reaction. With extra branched methyl group increase,
it may cause the combustion temperature to reduce, because of the
massive gases, carrying off the quantity of heat.

It is well-known that that BiFeOs3 is unstable in the vicinity of
800-850°C and slowly decomposes [25,56]. The synthesis area of
single-phase BiFeOs3 in the phase diagram of Bi,03-Fe;03 is very
narrow from the view point of thermodynamics, in which two kinds
of impurities (BiyFe40g and BiysFeOsg) are the usual substitutions
for BiFeO3 [25]. Carvalho and Taveres [57] found that BiFeOs is a
metastable phase at 600°C, and thermal treatments longer than
2 h result in decomposition of BiFeO3 accompanied by the forma-
tion of impurities, Bi;Fe4Og and BiysFeO39 phases according to the
reaction

49BiFeO3 — 12BiyFe409 + BiysFeO3g.

which indicates that BiFeO3 is not thermodynamically stable at this
temperature.

The auto-ignition phenomena exist for a limited range of fuel-to-
oxidant ratio, above and below the stoichiometric ratio calculated
by the concept of propellant chemistry [49]. As we know, com-
bustion synthesis is a complicated process. The flame temperature
depends strongly on the competition between the effect of the
amount of released heat and evolved gases [58]. Nair et al. [59]
found that the flame temperature increases with fuel-to-oxidant
ratio up to a certain limit close to the stoichiometric ratio and
then its value decreases. This is because of the incomplete combus-
tion of fuel-rich precursor caused by the presence of insufficient
oxidizer for the burning the fuel. lanos et al. [47] found that due
to urea partial consumption during the hydrolysis side-reaction,
50% of urea excess is required in order to favour full combus-
tion reaction and reduce the LOI (loss on ignition), and the use
of urea excess above 150% of the stoichiometric ratio increased
the surface area of the final powder. Ghosh et al. [60] synthe-
sized calcium hydroxyapatite by combustion with urea and glycine
as fuels. They found that the maximum combustion tempera-
ture was observed when stoichiometric fuel was used. Fuel-lean
system produced short duration, less intense flame, whereas fuel-
rich system produced longer duration lower temperature flame.
The effect of different fuels and fuel-to-oxidant ratios on crys-
tallographic phases and powder characteristics was extensively
investigated for many oxides. The optimal oxidant-to-fuel ratio
depends upon the desired composition [61]. In this study, the opti-
mal fuel-to-oxidant ratio (F/NO3~) of a-alanine and glycine for
pure-phase BiFeOj3 synthesis is 0.22 (fuel-lean reaction, —33%) and
0.37 (fuel-lean reaction, —34%), respectively, which results in a
suitable flame temperature that favors the formation of BiFeO3;
phase. Still, too little fuel would result in only amorphous phase
powders due to the low flame temperature and too much fuel
would lead to transformation of the BiFeO3 phase to impurities
(BipFe4Og and BiysFeOs9 phases) because of the high flame tem-
perature involved.

The SEM photographs of as-prepared BiFeO3; nanopowders are
shown in Fig. 5. They revealed foamy agglomerated particles with
a wide distribution and presence of large voids in their structure.
The formation of these features is attributed to the large volume
of gas evolved during combustion. No significant differences came
out of the fuel-to-oxidant ratios from the morphologies examined
with the SEM.
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Fig. 6. TG-DSC curves of the precursor mixtures consisting of bismuth nitrate, iron
nitrate and various fuels under stoichiometric fuel-to-oxidant condition: (a) without
fuel, (b) a-alanine, and (c) L-leucine.

3.3. Thermal analysis of the precursors

Thermal analysis of the precursor mixture consisting of bismuth
nitrate, iron nitrate and different fuels allowed the determina-
tion of some of the processes and phenomena which are taking
place during the heating of the raw material mixture. As can be
seen from Fig. 6, for the resin without fuel, three endothermic
decomposition steps were evidenced in the temperature range of
50-600°C (Fig. 6a). The first decomposition step (50-140°C) is
weightloss of 18%, which s a partial dehydration, namely the evolv-
ing water molecules as a consequence of the differently bounding
of these molecules. The second step between 140 and 163°C is
weight loss of 22%, which is due to volatilization of nitrates in
the gel residual. The final is weight loss of 15% extending up
to 550°C due to nitrate decomposition process. In the case of
Bi(NO3)3-5H,0-Fe(NO3)3-9H,0-L-a-alanine precursors, the ther-
mal decompositions are described by the existence of two main
degradation stages (Fig. 6b). The first one, starts from ~50 up to
~150°C being characterized by a mass loss of 7%. The second one
(150-170°C) accompanied by an exothermic peak is drastic weight
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loss of 53%, which indicates that auto-propagating combustion
reaction occurs during the decomposition of the resin. Almost no
mass loss could be observed after the combustion reaction. In the
case of Bi(NO3)3-5H,0-Fe(NOs3)3-9H,0-L-leucine, the combustion
reaction appears at about 130°C accompanied by a drastic weight
loss of 63%, and no further weight loss up to 230°C.

3.4. Magnetism

The M-H loops of the BiFeO5; prepared through combustion
reaction by using w«-alanine at 0.22 fuel-to-oxidant ratio were
shown in Fig. 7. Weak magnetism can be observed in the powders.
Bulk BiFeOs is a G-type antiferromagnet at room temperature and
does not exhibit magnetism in the M-H curve [25].

3.5. Catalytic activity of BiFeO3 nanopowders

In this work, rhodamine B, a common azo-dye in the textile
industry, is chosen as a typical organic pollutant. The RhB degra-
dation catalyzed by BiFeO3; nanopowders was carried out in the
presence of H,O, at pH 5.0. It is well-known that RhB degradation
approximately followed a pseudo first order reaction in kinetics,
which can be replaced as: In(Cy/C) = kt + constant, where Cy is the
initial concentration of RhB solution, k is a rate constant and t is
reaction time.
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Fig. 8. Changes of RhB concentration as a function of irradiation time under visible
light irradiation. Reaction conditions: initial RhB concentration 10mgL~", initial
H,0, concentration 10 mmol L-!, catalyst load 1.0 gL, and initial solution pH 5.0.

As shown in Fig. 8, RhB is hardly degraded in the absence of
either BiFeO3 nanopowders or H,0,, but the simultaneous pres-
ence of BiFeO3 nanopowders and H, O, remove 85.1% of RhB within
240 min. The apparent rate constant of RhB degradation was eval-
uated to be 0.048 min~1.

4. Conclusions

Single-phase and well-crystallized bismuth ferric oxide (BiFeO3)
nanopowders were successfully synthesized via a combustion
method at low temperature, using both a-alanine and glycine as
fuel. Both the type and amount of fuel strongly affect the phase
composition and crystallinity of the as-synthesized product. An
optimization of these parameters could improve the quality of the
final products. Thermal analysis investigations revealed that the
fuel-lean precursor (—33%) containing metal nitrates and a-alanine
triggers a vigorous combustion reaction at 160 °C. In this case, pure-
phase and well-crystallized BiFeO3; nanopowders with a crystallite
size of 32 nm were obtained directly from combustion reaction and
an additional annealing process was no longer required.
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