Journal of Thermal Analysis and Calorimetry, Vol. 94 (2008) 2, 411-416

SYNTHESIS OF NANOSIZED BISMUTH FERRITE (BiFeO3) BY A
COMBUSTION METHOD STARTING FROM
Fe(NO3)3'9H,0-Bi(NO3);9H,O-GLYCINE OR UREA SYSTEMS

1 2 . 3 1*
Carmen Paraschiv', B. Jurca”, Adelina lanculescu” and Oana Carp

'Institute of Physical Chemistry, Splaiul Independentei No. 202, 060021 Bucharest, Romania

Department of Physical Chemistry, Faculty of Chemistry, University of Bucharest, Bd. Elisabeta No. 12, 030017 Bucharest,
Roumania

3University Politehnica of Bucharest, Gh.Polizu Street No. 1-7, 011061 Bucharest, Romania

Two bismuth ferrite potential precursors systems, namely Fe(NOs);-9H,0 — Bi(NO;);-9H,0 — glycine/urea with different metal ni-
trate/organic compound molar ratios have been investigated in order to evaluate their suitability as BiFeOs precursors. The presence
into the precursor of both reducing (glycine and urea) and oxidizing (NO;) components, modifies dramatically their thermal behav-
iour comparative with the raw materials, both from the decomposition stoichiometries and temperature occurrence intervals points
of view. Also, the thermal behaviour is dependent on the fuel nature but practically independent with the fuel content. The fuel na-
ture influences also some characteristics of the resulted oxides (phase composition, morphologies). In the case of the oxides pre-
pared using urea as fuel, a faster evolution toward a single phase composition with the temperature rise is evidenced, the formation
of the BiFeO; perovskite phase being completed in the temperature range of 500-550°C.
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Introduction

Bismuth ferrite, (BiFeOs, BFO) is one of the very few
multiferroics materials with a simultaneous coexis-
tence of ferroelectric and antiferromagnetic order pa-
rameters in perovskite structure. Although BFO was
discovered in 1960, recently there is a renewed inter-
est because of its possible novel applications in the
field of radio, television, microwave and satellite
communications, audio-video and digital recording
and, as permanent magnets.

So far, bismuth ferrite powders have been pre-
pared by the solid-state methods (classic [1, 2] and
mechanochemical ones [3]) and solution chemistry
methods (such as precipitation/coprecipitation [4],
sol—gel [5, 6] hydrothermal [7] and sonochemical [§]
ones). Most of the mentioned procedures need high
temperature treatments (>800°C). Due to the require-
ment of nanosized oxides and in order to avoid bis-
muth volatilization the developing of low temperature
synthesis methods is essential.

In the present paper we report the synthesis of bis-
muth ferrite by a simple combustion technique, using as
starting system Fe(NO;);-9H,0— Bi(NOs);-9H,0 as oxi-
dizer and glycine or urea as fuels. Because the synthesis
of mixed oxide is determined by a combustion reaction,
a special attention is paid to the thermal reactivity of the
precursor and solid-state mechanism.
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Experimental

The synthesis of the BFO precursors was performed
using a solid-state method. The starting materials of
analytical grade Fe(NO3);-9H,0 (Merck),
Bi(NO;);9H,0 (Reactivul, Romanian company),
glycine (Fluka) and urea (Merck) were used without
any further purification.. The utilized molar ratios
were for Fe(NOs);9H,0-Bi(NOs);-9H,0—glycine
system 1:1:2.5, 1:1:3.5 and 1:1:4.5 and, for
Fe(NOs);-9H,0-Bi(NO;);-9H,0O—urea system 1:1:4,
1:1:6, 1:1:8. The compositions were selected in order
to obtain fuel lean, stoichiometrically and fuel rich
compounds, being calculated by using oxidizing va-
lence (metal nitrates) and reducing valence of urea
and glycine (fuels). Accordingly to the concept used
in propellant chemistry, the elements H, C and any
other metallic cation are considered reducing ele-
ments with the corresponding valencies equal with 1,
4 and the valency of the metallic cation in the com-
pound respectively. The element oxygen is consid-
ered as an oxidizing element with valency —2. The va-
lency of nitrogen is considered 0. The raw materials
are mixed (~30 min) in an agate pestle in order to ob-
tain a homogenous slurry. The homogenization is fol-
lowed by a drying over P,Os. The precursors were
heated at different temperatures (500, 550, 600 and
650°C) for 3 h.
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Thermal measurements were performed on a
Q-1500 Paulik—Paulik—Erdey derivatograph, in static
air, at a heating rate of 10°C min"' and with sample
mass of ~20 mg. In order to investigate the purity of
the mixed oxide phase X-ray diffraction measure-
ments were performed at room temperature with a
SHIMADZU XRD 6000 diffractometer, using Ni-fil-
tered CuK,, radiation (A=1.5418 A), with a scan step
0f 0.02° and a counting time of 1 s/step, for 20 ranged
between 20-80°. A HITACHI S2600N scanning elec-
tron microscope coupled with EDX was used to ana-
lyze the morphology and to check the chemical com-
position of the powders.

Results and discussion
Thermal behaviour of the raw materials

To estimate the influence of fuels on the thermal be-
haviour of the BFO precursors, the used raw materials
were firstly investigated. The TG, DTG and DTA
curves of the Fe(NO3);-9H,0, Bi(NO;);-5H,0,
glycine and urea are presented in the Figs la—d.

Iron nitrate nonahydrate (Fe(NO3);-9H,0) de-
composes after melting (56.4°C). Five endothermic
decomposition steps were evidenced in the tempera-
ture range of 60.6-714.0°C (Fig. la). The first de-
composition step (60.6-132.2°C, T pra=121.1°C
and Tiax pra~122°C, shoulder) is a partial dehydra-
tion, namely the evolving five water molecules
(calc./found=22.27/22.3%) as a consequence of the
differently bounding of these molecules. The second
step  (132.2-170.8°C, Tiax pr16=156.7°C and
Tmax pTa=156.8°C), represents part of nitrate anions
decomposition accompanied by the release of the re-
mainder water molecules. The presence of water in
system determines a hydrolysis reaction with forma-
tion of iron nitrate hydroxide Fe(OH),(NO;)
(calc./found=40.09/40.55%). Such intermediates
were identified during the thermal decompositions of
several d-metal nitrates [9]. The iron nitrate hydrox-
ide intermediate is further converted (170.8-650.0°C,
calc./found=14.56/15.59%) into FeOOH, which fi-
nally is transformed into a-Fe,O; (650.0-714.2°C,
calc./found=2.22/2.82%, Twax pr6=677.0°C and
Tnax DTA:679~50C)-

During the bismuth nitrate pentahydrate
(Bi(NO3);-5H,0) decomposition, six mass loss steps
and two phase transitions, all associated with endo-
thermic effects were detected up to 819°C (Fig. 1b).
The first decomposition step (70.5-130.6°C,
Tmax p16=111.2°C and T pra=79.8°C) represents
the simultaneously melting and evolving of two water
molecules (calc./found=7.42/7.80%). The next two
ones (130.6-156.3°C, Tuux p1c=145.6°C and
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Taxpta=147.3 and 156.3-458.3°C, Thaxprc=315.2°C
and Tax pTa=330.0°C) correspond to the formation of
two bismuth nitrates hydroxides, Bi(OH)(NOs), and
Bi(OH),(NO;) respectively (calc./found=
20.41/22.10% and calc./found=9.28/9.80%). On fur-
ther heating, a three-stepped decomposition of these
intermediates occurs (458.3-526.4°C, Tnux prG=
497.1°C  and Tmax pr1a=505.3, 526.4-586.8°C,
Twax  p16=568.4°C  and  Thux  pra=574.1,
586.8-682.1°C, Ty prc=061.8°C and Tyux pra=
656.7°C). As decomposition product, the monoclinic
modification of bismuth oxide (a-Bi,O;) is formed,
which almost instantaneously (7p.x pra=682.6°C) is
converted into the cubic one (5-Bi,0;). The last phase
transition (7ma.x pra=819.0°C) represents the melting
of 8-BizO3.

Glycine decomposes through three steps
(229.0-663.9°C), the first acompanied by a sharp en-
dothermic effect, the other two associated with exo-
thermic ones (Fig. 1c). The first step which occurs in
the temperature range 229.0-302.3°C (Tmax pTG=
259.6°C and T} pTa=255.2°C) is attributed to the si-
multaneous melting and, water and amonia elimina-
tion (calc./found=46.66/46.1%), results in concor-
dance with some MS and FTIR investigations
[10, 11]. It is known that amino acids do not exhibit
clean melting point, and during melting they decom-
pose to lower mass compounds. The next two decom-
position steps (302.3—446.6°C, mass loss=18.25%,
Twax  p16=351.4°C,  Thax  p1a=3.70.2  and
446.6-663.9°C, mass 10ss=35.65%, Tmax DIG=
558.2°C and Tinax pTa=526.1°C) represent the burn up
of the remainder carbonaceous products.

The literature mentions that the thermal decompo-
sition of urea is rather complicated, occurring differently
function the measurements conditions [12—14]. Six en-
dothermic decomposition steps were identified in our
experiments (Fig. 1d) in the temperature range
141.4-608.0°C. The mass losses stages start after the
melting of the organic compound (141.4°C). The two
stages of mass loss (47.67/40.22%) evidenced in the
temperature range 155.0-419.0°C (Tiax prc=228.9 and
250.8°C/Tiax p16=402.0°C and T pra=232.7 and
250.8°C/Tnax pra=411.4°C) may be attributed in concor-
dance with previous TG-MS data [11] to the partial en-
dothermic decomposition of urea into ammonia (NHj3)
and cyanic acid (HNCO) as mentioned by reaction 1:

H,N-CO-NH,—[NH,][NCO]—->NH;+HNCO (1)

In the same temperature range condensation
products, namely biuret and triuret compounds may
be formed by the reaction of cyanic acid with the
undecomposed urea (reactions 2 and 3), compounds
which decompose at higher temperatures [15]. Thus,
the next two decomposition stages (419.0-481.9°C

J. Therm. Anal. Cal., 94, 2008
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Fig. 1 The TG, DTG and DTA curves of the raw materials

with Tax p16=435.1 and 463.1°C and Tppax pra=439.3
and ~466°C (shoulder) and 481.9-610.0°C with
Tax p16=572.6°C and Ti.x pra=6008.0°C) character-
ized by mass losses of 8.31 and 3.81% are assigned to

the decomposition of these condensation products.

H,N-CO-NH,+HNCO—
H,NCONHCONH; (biuret)

H,NCONHCONH,+HNCO—
H,NCONHCONHCONH, (triuret)
Thermal decomposition of the precursors

The

2

3)

investigated  Fe(NO;);-9H,0-Bi(NOs);-5H,0—

glycine and Fe(NOs);-9H,0-Bi(NOs);:5H,0O—urea con-
taining precursors, undergo in the temperature range

60-375°C/60-660°C a  stepped

decomposition

(Figs 2a—c and 3a—c). The presence into the precursor of
both reducing (glycine and urea) and oxidizing (NO;)
components, modifies dramatically their thermal behav-
iour comparative with the raw materials, both from the
decomposition stoichiometries and temperature occur-
rence intervals points of view. Also, the thermal behav-
iour is dependent on the fuel nature but practically inde-
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:a—Fe(NO3);-9H,0; b — Bi(NOs);-9H,0; ¢ — glycine; d — urea

pendent with the fuel content. Several features which
distinguish their thermal reactivity against the starting
materials are important to be mentioned:

In the case of Fe(NO3);-9H,0-Bi(NO;);-5H,0—

glycine system:

The precursors are less stable (~60°C) than the free
glycine (229°C), fact which indicates the occur-
rence of some self-propagating reactions since the
start of the decomposition process [15, 16]. Also,
the final decomposition temperatures which in-
creases in the order 2.5 glycine (323.5°C)<3.5
glycine (374.7°C)<4.5 glycine (387.1°C) are sev-
eral hundreds degrees lower comparative with the
corresponding raw materials;

The thermal decompositions are described by the
existence of two main degradation stages. The first
one, starts from ~60 up to ~200°C being character-
ized by a high mass loss (62—72%). This decompo-
sition stage consists in an initial very weak endo-
thermic effect (~140°C, shoulder) representing
water evolving, followed by a fast and intensive
exothermic process (~170°C), consisting in simul-
taneous evolving of NO; and glycine. Simulta-
neously, glycine is oxidized by nitrate anions [17].
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» The absence of phase transformations typical for
the thermal behaviour of BiO; (melting, a—06
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decomposition stage, accompanied by

resents the burn up of the remainder

B1,03), proves that all bismuth is included into
mixed oxides.

carbonaceous residue;

In the case of Fe(NO;);-9H,0-Bi(NO3);-5H,0—
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Fig. 2 Thermal behaviour of Fe(NO3);-9H,0-Bi(NOs);-5SH,O—
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glycine containing precursors:

a — Fe(NO3);:9H,0-Bi(NOs);-5H,0-2.5 glycine;
b- Fe(NO3)39H207B1(NO3)35H20735 glycine;
¢ — Fe(NO3);:9H,0-Bi(NOs);-5H,0-4.5 glycine
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Mass loss/%

No dramatic decrease of the precursors initial/final
decomposition temperatures (in comparison with
the raw materials’ ones) is noticed;
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Fig. 3 Thermal behaviour of Fe(NO3);-9H,0-Bi(NOs);-SH,0—

urea containing precursors: a— 1:1:4; b —1:1:6;
c—1:1:8
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» Four main decomposition stages of the precursors
are identified. The first one, (~60—160°C) consist-
ing in two overlapped mass loss processes
(Tmax pT6~85 and 115°C), and associated with three
endothermic effects (Tiax pTa~85, 115 and 150°C)
is attributed to the evolving of water, part of urea
and urea melting. The second (~160—~200°C) and
the third (~200—310°C) decomposition stages,
characterized by exothermic effects are assigned to
a simultaneous release of urea and decomposition
of nitrate ions. A final oxidation of the carbona-
ceous residue occurs in the last decomposition step
(~310—660°C);

* Inthe case of the Fe(NO;);-9H,0-Bi(NO;);-5SH,O—
8 urea precursor thermal decomposition, a mass in-
crease of 0.91% is registered in the temperature
range 660—1000°C, process assigned to Fe*'—Fe*"
oxidation (0.33 moles O,). The presence of Fe*" in
the investigated system is determined by its higher
content of the fuel (urea), which during the decom-
position reactions reduces both the nitrate ions and
the initial Fe*";

e Similar with the thermal behaviour of
Fe(NOs);-9H,0-Bi(NO;);-5H,0—glycine  precur-
sors, no phase transformations are evidenced.

Mixed oxide characterization

The room temperature X-ray diffraction patterns for
the powders prepared using glycine as fuel and an-
nealed for three hours at different temperatures show
the evolution of both the interaction processes and the
phase composition. For powders annealed at lower
temperatures (500°C) only small amounts of BiFeO;
were detected, beside some non-equilibrium com-
pounds such as Bi,0;, Fe,0;, BiFe 09, BijgFe,0s57,
showing that in this temperature range, rather the ki-
netics and not the thermodynamic aspects influence
the phase composition (Fig. 4). The increase of the
annealing temperature leads to the increase of the in-
tensity of the main diffraction peaks of BiFeOs, which
indicates that the solid-state reactions are in progress.
However, even after annealing at 650°C these pow-
ders are not single phase, so that beside the BiFeO;
major phase, amounts of secondary phases (Bi;Fe4Oo,
BissFe,0s7) were also identified (Fig. 4).

In the case of the oxides prepared using urea as
fuel, a faster evolution toward a single phase composi-
tion with the temperature rise was pointed out by the
X-ray diffraction patterns (Fig. 5). It is worthy to men-
tion that in this case, the formation of the BiFeO; oxide
phase is completed in the temperature range of
500-550°C. The further increase of the annealing tem-
perature does not influence significantly the phase com-
position, so that the powders thermally treated at tem-
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Fig. 4 Room temperature X-ray diffraction patterns of the ox-
ides powders obtained from Bi(NO3);—Fe(NO;);—
4.5 glycine system, annealed at for 3 h at various tem-
peratures (BiFeO; — JCPDS no. 73-0548;
Bi2F6409 — JCPDS no. 25—0090, BizO3 — JCPDS
no. 71-0467; Fe,O; — JCPDS no. 84-0308;
BijcFe,0s7 — JCPDS no. 42-0181)
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Fig. 5 Room temperature X-ray diffraction patterns of the ox-
ides powders obtained from Bi(NO;);—Fe(NO;);—8 urea
system, annealed for 3 h at various temperatures

peratures ranged between 550—650°C were almost sin-
gle phase. It is interesting to note that for these com-
pounds, the non-equilibrium BizsFe,Os; forms at lower
temperatures (500-550°C) and is consumed in the tem-
perature range of 600-650°C when the Bi,Fe,O9 com-
pound starts to form. Therefore, after annealing at
650°C only traces of BiFe,Oq were detected.

Even if the particles are very small (at nanometric
scale) so that the particle average size cannot be esti-
mated by SEM, however this method provides useful in-
formation about the aggregation mode of these powders
(Figs 6 and 7). For both oxidic powders a high tendency
of agglomeration was noticed, but the morphology of
the aggregates is quite different. Thus, while the powder
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WD25 .5mm 25.0kV x3.0k

Fig. 6 SEM image of the oxide powder obtained from
Bi(NO3);—Fe(NO;);—8 urea system, annealed at
650°C/3 h

prepared using urea as fuel exhibits uniform (as shape
and size) and rather isolated agglomerates (inset of
Fig. 6), the particles aggregates of the powder prepared
using glycine as fuel show a non-homogenous morphol-
ogy and are strongly interconnected in a kind of
three-dimensional, porous skeleton similar to the struc-
ture of some ceramic foams (inset of Fig. 7). The last
type of morphology was observed for the BiFeO; pow-
der synthesized also by the combustion method, but us-
ing a-alanine as fuel [18].

Fig. 7 SEM image of the oxide powder obtained from
Bi(NO;);—Fe(NO;);—4.5 glycine system, annealed at
650°C/3 h

Conclusions

Combustion method may represent a suitable route in
the synthesis of nanosized BiFeO; at temperatures
lower than 650°C. The fuel nature, glycine or urea
strongly influences the thermal behaviour of the pre-
cursors and some characteristics of the resulted ox-
ides (phase composition, morphologies). Starting
from glycine containing system, after annealing at
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650°C, amounts of secondary phases (BiFe O,
BizsFe,0s7) were also identified beside the BiFeO;
major phase. The particles of the obtained BiFeO;
present a non-homogenous morphology being
strongly interconnected in a kind of three-dimen-
sional, porous skeleton. In the case of urea containing
system, after annealing at 650°C only traces of
Bi,Fe,O9 were detected along with uniform, as shape
and size BiFeO; particles. The fuel content may influ-
ence the particle size and the reduction of Fe’" to Fe**
of BFO. Thus, further transmission electron micros-
copy (TEM) and Mossbauer investigations are re-
quired in order to determine the particle average size
and the presence/absence of Fe*" into BiFeO; pow-
ders prepared by the combustion method.
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