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The thermodynamic stability of BiFeO3 is investigated by high temperature X-ray diffraction and
isothermal heat treatment of Bi2O3-Fe2O3 powder mixture as well as phase pure BiFeO3 prepared by a
wet chemical route. Experimental evidence for decomposition of BiFeO3 to Bi25FeO39 and Bi2Fe4O9 in
the temperature interval 720-1040 K is reported. The experimental observations are discussed in terms
of available thermodynamic data for the system. Finally, the stability of BiFeO3 and related Bi-based
perovskites is discussed in relation to Goldschmidt tolerance factor and the influence of pressure and
chemical substitution.

Introduction

The perovskite BiFeO3 has received rapidly increasing
attention since the first report of enhanced multiferroic1

properties in epitaxial thin films.2 BiFeO3 belongs to the
rhombohedral space group R3c and was recently shown to
transform to the orthorhombic space group Pbnm at the Curie
temperature TC ) 1103 K.3 It is classified as multiferroic
due to the coexistence of ferroelectricity, ferroelasticity,4 and
antiferromagnetism5 below the Néel temperature of 643 K.
In principle, the solid state reaction between Bi2O3 and Fe2O3

is the simplest way to prepare BiFeO3. However, in practice
it has proven challenging to obtain single phase BiFeO3 and
avoid the formation of the secondary ternary oxides
Bi25FeO39 and Bi2Fe4O9. An early approach was solid state
reaction with excess Bi2O3 followed by leaching with diluted
nitric acid to wash away secondary ternary oxides and
residual Bi2O3.6 More recently a successful method named
“rapid liquid sintering” with stoichiometric ratio of binary
oxide reactants has been reported; rapid heating to 1153 K
followed by 7.5 min of soaking time and rapid cooling to
ambient temperature.7 The difficulties of preparing single
phase bismuth ferrite by solid state reaction have been
attributed to the influence of small amounts of impurity
phases,8 Bi25FeO39 and Bi2Fe4O9 forming from the binary

oxides at low temperatures, and BiFeO3 being unstable at
high temperatures.9 A major advance in the understanding
of solid state reaction synthesis of BiFeO3 was presented by
Valant et al.,8 which showed that the presence of impurities
more soluble in Bi25FeO39 or Bi2Fe4O9 than in BiFeO3

reduced the stability of BiFeO3. Here we investigate the
influence of temperature on the thermodynamic stability of
BiFeO3 relative to the undesired ternary phases. BiFeO3 is
proposed to be metastable with respect to Bi2Fe4O9 and
Bi25FeO39 between 720 and 1040 K based on in situ high
temperature X-ray diffraction (XRD) and ex situ XRD after
isothermal heat treatment and recently reported thermody-
namic data.10 These findings are discussed in relation to
synthesis and the stability of BiFeO3 and related Bi-based
perovskites. We also address the stability of BiFeO3 relative
to its binary oxides and the effect of chemical substitution
on A and B site.

Experimental Section

BiFeO3 and BiFe0.7Mn0.3O3 for in situ HTXRD studies was
prepared by solid state reaction of Bi2O3 (Aldrich, >99.9%), Fe2O3

(Merck, >99%), and Mn2O3 (prepared by calcination of
Mn(NO3)2 ·4H20 Merck, >98.5% at 1073 K for 8 h). Dried starting
materials were mixed by ball milling in ethanol for 24 h and fired
once at 1098 K for 8 h with 400 K h-1 heating and cooling rates.
Starting materials for isothermal heat treatments were a ball milled
and dried Bi2O3-Fe2O3 mixture and a phase pure BiFeO3 powder
prepared by a wet chemical route described elsewhere.11 Fresh
powder samples were used for each isothermal heat treatment.

HTXRD characterization of BiFeO3 was performed on a θ-θ
Bruker AXS D8 ADVANCE diffractometer with a high temperature
stage (mri Physikalische Geäte Gmbh), a VANTEC-1 detector, Cu
KR radiation, and a secondary monochromator. For each temper-
ature, the data collection time was 5.5 h over the range 20-120°
2θ. BiFe0.7Mn0.3O3 was characterized with a Siemens D5005 θ-θ
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diffractometer with a high temperature camera (HTK 16, Anton
Paar, GMbh) using Cu KR radiation and a primary monochromator.
For each temperature, the data collection time was 5.1 h over the
range 19 to 96° 2θ. Prior to each subsequent scan the powder
samples were held for 30 min at the temperature to establish thermal
equilibrium. Pressed pellet samples covered with sacrificial powder
were isothermally heat treated at 923 K (150 h), 1048 K (150 h),
and 1123 K (8 h). Ex situ XRD of isothermally heat treated samples
was done with the D8 ADVANCE diffractometer.

Results and Discussion

HTXRD of BiFeO3 in Figure 1a demonstrates the forma-
tion of Bi25FeO39 (×) and Bi2Fe4O9 (O) at 878 K. The two
main peaks of BiFeO3 are shown as unlabeled bars at 31.78°
and 32.10° 2θ. The relative intensities of the Bragg reflec-
tions demonstrate the growth of Bi25FeO39 and Bi2Fe4O9 at
the expense of BiFeO3 up to 1090 K. At higher temperatures
the Bragg reflections of Bi25FeO39 and Bi2Fe4O9 disappear,
implying that these phases react back to the perovskite phase.
The volatility of bismuth rich compounds cannot explain
these observations since this would result in residual Fe2O3

or Bi2Fe4O9. In contradiction with previous reports,9 we do
not observe decomposition of BiFeO3 between 1090 and
1199 K, even at long data collection times. Thus BiFeO3 is
a thermodynamically stable compound in the paraelectric
state up to the peritectic decomposition temperature12 of 1207
K. The same thermal evolution of the diffractograms is seen

for BiFe0.7Mn0.3O3, with nucleation of Bi2Fe4-yMnyO9 and
Bi25Fe1-zMnzO39 around 873 K and subsequent growth up
to 1023 K. At 1073 K the intensities of the secondary ternary
oxides have decreased, as they react back to the perovskite
phase.

Ex situ XRD of isothermally heat treated Bi2O3-Fe2O3

mixture and phase pure BiFeO3 are shown in Figure 2.
Substantial amounts of Bi25FeO39 and Bi2Fe4O9 are evident
after firing at 927 K, while minor amounts are present at
1048 and 1123 K. Larger amounts of mullite and sillenite
phase are observed in the initially phase pure and fine-grained
material from a wet chemical route than the initial
Bi2O3-Fe2O3 mixture. From the annealing experiments of
phase pure BiFeO3 at 927 K it was shown that the amount
of Bi25FeO39 and Bi2Fe4O9 was growing with time in line
with a recent report.13

The chemical reaction observed in the case of BiFeO3 in
Figures 1a and 2b is13

12
49

Bi2Fe4O9 +
1

49
Bi25FeO39aBiFeO3 (1)

In the following, only the case on BiFeO3 will be
discussed, as the same principles also will apply to
BiFe0.7Mn0.3O3. In line with Gibbs’ phase rule the three
phases can coexist with zero degrees of freedom, as the

(12) Maı̂tre, A.; François, M.; Gachon, J. C. J. Phase Equilib. 2004, 25,
59–67. (13) Carvalho, T. T.; Tavares, P. B. Mater. Lett. 2008, 62, 3984–3986.

Figure 1. High temperature X-ray diffraction of (a) BiFeO3 and (b)
BiFe0.7Mn0.3O3. Secondary ternary phases Bi25FeO39 (×) (JCPDS 46-0416)
and Bi2Fe4O9 (O) (JCPDS 72-1832) form at the expense of the perovskite
phase above 873 K but react back to the perovskite phase at higher
temperatures. The diffractogram labeled 298* in (b) was recorded after
cooling from 1173 to 298 K. Figure 2. Ex situ X-ray diffraction of isothermally heat treated Bi2O3-Fe2O3

mixture (a) and initially phase pure BiFeO3 (b). The labels i, ii, iii, and iv
refer to 1123, 1048, 973, and 298 K (before heat treatment), respectively.
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number of components is two, since the oxidation state of
Fe does not change, and the system can be described as the
pseudobinary system Bi2O3-Fe2O3. Given that BiFeO3 is
stable above 1040 K, the molar Gibbs energy of reaction 1,
∆r,(1)G°m, must change sign from positive to negative at 1040
K. According to ∆r,(1)G°m ) ∆r,(1)H°m - T∆r,(1)S°m, both
∆r,(1)H°m and ∆r,(1)S°m must thus be positive. Solution
calorimetry data from Phapale et al.10 give an enthalpy of
reaction at ambient close to zero: ∆r,(1)H°m ) -4.91 ( 2.93
kJ mol-1; hence, reaction 1 is weakly exothermic at room
temperature. ∆r,(1)G°m may change sign from positive to
negative at 1040 K if both ∆r,(1)H°m and ∆r,(1)S°m also change
signs from negative to positive at temperatures lower than
1040 K. To examine this scenario we apply the difference
in molar heat capacity for reaction 1, ∆r,(1)C°p,m, derived from
C°p,m reported10 for BiFeO3, Bi2Fe4O9, and Bi25FeO39 weighted
according to the stoichiometry of reaction 1: ∆r,(1)C°p,m(T)
) 2.74 + 1.96 × 10-3T - 9.4797 × 104T-2 J K-1 mol-1.
At Teq ≈ 1040 K, ∆r,(1)G°m ) 0 and ∆r,(1)H°m(Teq) )
Teq∆r,(1)S°m(Teq), where

∆r,(1)H
◦

m(Teq))∆r,(1)H
◦

m(298.15)+∫298.15

Teq ∆r,(1)C
◦

p dT

(2)

∆r,(1)S
◦(Teq))∆r,(1)S

◦
m(298.15)+∫298.15

Teq
∆r,(1)C

◦
p

T
dT

(3)

∆r,(1)S°m(298.15) is expected to be negative and close to zero,
in line with the value of ∆r,(1)H°m(298.15), and the more open
and disordered crystal structures of Bi2Fe4O9 and Bi25FeO39

relative to BiFeO3.14,15 Since ∆r,(1)C°p,m(T) is positive for T >
300 K, ∆r,(1)H°m(T) and ∆r,(1)S°m(T) will increase with temper-
ature. ∆r,(1)G°m(T) ) ∆r,(1)H°m(T) - T∆r,(1)S°m(T) with
∆r,(1)H°m(298.15) )-4.91 ( 2.93 kJ mol-1 is plotted in Figure
3, demonstrating the small difference in Gibbs energy of

reaction 1. ∆r,(1)G°m(T) is sensitive to the value of
∆r,(1)S°m(298.15), and as the inset of Figure 3 illustrates, with a
value of -3.62 J K-1 mol-1 (solid line) ∆r,(1)G°m(T) evolves in
concordance with the XRD data in Figures 1 and 2. ∆r,(1)G°m(T)
> 0 for approximately 720 K < T < 1040 K with
∆r,(1)H°m(298.15) ) -1.98 kJ mol-1 and ∆r,(1)S°m(298.15) )
-3.62 J K-1 mol-1. In this temperature interval Bi2Fe4O9 and
Bi25FeO39 are weakly more stable (thermodynamically) than
BiFeO3. Observation of the partial decomposition in this
temperature interval was only possible due the long HTXRD
data collection times, owing to the small thermodynamic driving
force and the low ionic mobility in the lower end of the
temperature interval in question. The apparent contradiction that
BiFeO3 is seemingly metastable up to 1090 K in the HTXRD
data compared to 1040 K in the ex situ XRD data follows from
the small thermodynamic driving force for reaction 1 in this
temperature region; thus, the reaction back to perovskite is slow.
Influence of impurities as suggested by Valant et al.8 may also
effect the observation as discussed further below.

BiFeO3 is the energetically stable ternary compound at
temperatures higher than 1040 K, but ∆r,(1)G°m(T) is close
to zero. The XRD data in Figures 1 and 2 and the
thermodynamic analysis in Figure 3 explains why firing a
Bi2O3-Fe2O3 precursor at lower temperatures than 1040 K
yields substantial amounts of Bi2Fe4O9 and Bi25FeO39.7,16,17

In terms of obtaining single phase perovskite during solid
state reaction synthesis, rapid heating of a Bi2O3-Fe2O3

precursor prevents initial formation of Bi2Fe4O9 and
Bi25FeO39, and fast cooling prevents the decomposition of
BiFeO3 shown in Figure 1. In addition the importance of
pure precursors, small reactant powder particles, and precur-
sor homogeneity has been pointed out earlier.8,11,18

The influence of impurities on reaction 1 needs particular
attention. It might be tempting to argue that the addition of
several new chemical components (impurities) may lead to
coexistence between the three pure phases BiFeO3, Bi2Fe4O9,
and Bi25FeO39 (in terms of the Gibbs phase rule the number
of independent components does increase). However, the
coexistence of the pure phases is only possible when the
Gibbs energy of reaction (1) is equal to zero (which only
occurs at two specific temperatures, see Figure 3). On the
other hand, if the solubility of the impurities is larger in
Bi2Fe4O9 or Bi25FeO39 than in BiFeO3 the Gibbs energy of
reaction 1 will be influenced and thereby effect the stability
of BiFeO3 relative to the Bi2Fe4O9 and Bi25FeO39 solid
solutions. Tentative phase diagrams provided by Valant et
al.8 discuss this in detail (narrow three phase region consist-
ing of BiFeO3 in equilibrium with Bi25Fe1-xAxO39 and
Bi2Fe1-xAxO9 where AOy is the impurity oxide). A higher
solubility of impurities in Bi2Fe4O9 and/or Bi25FeO39 as
discussed by Valant et al.8 will cause a thermodynamic
destabilization of BiFeO3 resulting in a shift upward in the
Gibbs energy curve for reaction (1) shown in Figure 3. The
effect of the impurities is to increase the temperature interval
where Bi2Fe4O9 and Bi25FeO39 are stable (destabilizing
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2008, 28, 499–504.
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Figure 3. Gibbs energy (for one mol BiFeO3) of reaction 1, ∆r(1)G°m(T)
with ∆r,(1)H°m(298.15) ) -1980 (i), -4910 (ii), and -7840 J mol-1 (iii),
respectively, and ∆r,(1)S°m(298.15) ) -3.62 (solid line), -4.2 (long dash),
and -3.1 (short dash) J K-1 mol-1, respectively. Inset: ∆r(1)G°m(T) with
∆r,(1)H°m(298.15) ) -1980 J mol-1, implying that BiFeO3 is metastable
with respect to Bi2Fe4O9 and Bi25FeO39 for 720 K < T < 1040 K as
∆r(1)G°m(T) > 0, in line with the XRD data in Figures 1 and 2.

171Chem. Mater., Vol. 21, No. 1, 2009BiFeO3 Thermodynamic Stability



BiFeO3 in accordance with Valant et al.8). To summarize,
the strong influence of impurities is caused by the small
Gibbs energy difference between the reactants and the
products in reaction 1. Impurities will therefore have a strong
effect on the phase equilibrium and results in poor reproduc-
ibility if the impurity level, for example, alumina or silica
from crucibles and so forth, is not well-controlled.

The influence of temperature and chemical homogeneity
is illustrated schematically in Figure 4. The three ternary
oxides are in equilibrium according to Gibbs’ phase rule
when ∆r,(1)G°m(Teq) ) 0, where the Gibbs energy curve of
BiFeO3 has a common tangent with the Gibbs energy curves
of Bi2Fe4O9 and Bi25FeO39. For T > Teq the Gibbs energy
curve of BiFeO3 is lower than the Bi2Fe4O9-Bi25FeO39

tangent line and BiFeO3 is the stable compound. Deviation
from 1:1 Bi2O3:Fe2O3 stoichiometry will result in equilibrium
between BiFeO3 and one of the secondary ternary oxides,
e.g. BiFeO3 and Bi2Fe4O9 due to evaporation of bismuth
oxides. Moreover, the influence of pressure on reaction 1 is
self-evident from the crystal structure of perovskite being
close-packed compared to the mullite and sillenite structures
of Bi2Fe4O9 and Bi25FeO39, respectively.14,15 The volume
change of reaction 1 is hence large and negative, ∆r,(1)Vm)
-5.14 cm3 mol-1. The perovskite phase is thus favored by
pressure and possibly compressive strain in thin films relative
to the sillenite and mullite phase, and the ∆r,(1)G°m(T) curves
in Figure 3 will be shifted toward more negative values with
increasing pressure.

We now address the thermodynamic stability of BiFeO3

with respect to the end members Bi2O3 and Fe2O3. The
formation reaction from the binary oxides is

1
2

Bi2O3 +
1
2

Fe2O3fBiFeO3 (4)

On the basis of solution calorimetry data,10 the enthalpy
of reaction 4, the enthalpy of formation from oxides,
∆f,oxH°m, is -70.75 ( 3.40 kJ mol-1 at 298.15 K.
Yokokawa et al.19 first pointed out the relation between

∆H°f,ox for perovskites and the Goldschmidt tolerance
factor20 t ) 2-1/2(rA + rO)/(rB + rO), where rA, rB, and rO

are the ionic radii21 of the A cation, the B cation, and
O2-, respectively. BiFeO3 follows this trend, as shown in
Figure 5. For direct comparison, a coordination number
(CN) of 9 was used for all A cations, as the radii of 12
coordinated cations are not available for many lanthanides
and Bi3+. The ionic radii of a 6s2 lone pair cation like
Bi3+ is not straightforward and depends on the stereo-
chemical activity of the lone pair.21 Hence, an uncertainty
in terms of t is included in Figure 5, spanning from the
values obtained for CN ) 8 for Bi3+ to that for CN ) 9
for the fairly equally sized cation La3+.

Figure 5 suggests that isovalent substitution with a larger
cation on the A site or a smaller cation on the B site would
increase the stability of BiFeO3 with respect to the binary
oxides and possibly also with respect to the Bi2Fe4O9

mullite and Bi25FeO39 sillenite phase. Substitution of a
more acidic cation on the B site or a more basic cation
on the A site is also expected to stabilize the perovskite
phase.28 La3+ is about the same size as Bi3+, and although
the space group changes with high substitution levels,
perovskite phase is obtained with up to 40% La3+.29 Nd3+,
Sm3+, and Gd3+ are smaller than Bi3+, but more basic
cations, and solid solutions prepared at ambient pressure
have been reported up to 15-20% substitution.30-32 Mn3+

is the only cation reported to substitute Fe3+ by substantial
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Figure 4. Schematic illustration of the Gibbs energy (a.u.) of BiFeO3 (solid),
Bi25FeO39 (short dash), and Bi2Fe4O9 (long dash) as a function of nominal
composition. At Teq ) 1040 K the tangent shows that the three phases are
in equilibrium in line with Gibbs’ phase rule. At T > 1040 K BiFeO3 has
lower Gibbs energy than Bi25FeO39 and Bi2Fe4O9 which are in equilibrium,
as their common tangent line lies higher in Gibbs energy than the Gibbs
energy curve of BiFeO3.

Figure 5. Standard enthalpies of formation for perovskites from binary
oxides plotted as a function of the Goldschmidt tolerance factor. For direct
comparison, all tolerance factors were calculated for nine-coordinated A
cations. Thermodynamic data were adopted from refs 22-28.
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amounts (30%) with solid state reaction synthesis at
ambient pressure.33 Al3+, Ga3+, and Cr3+ cannot be
substituted by 5-20% at ambient pressure, resulting only
in mullite and sillenite phases (results not reported here),
while BiAlO3, BiGaO3, and BiCrO3 can be prepared by
high pressure synthesis.34-36 Even though Al3+, Ga3+, and
Cr3+ are smaller than high spin Fe3+, and the effective
tolerance factors would increase with substitution, equi-
librium 1 is shifted completely toward the left with
substitution of Al3+, Ga3+, or Cr3+, implying no solid
solubility in BiFeO3 at ambient pressure. The presence
of only 0.1 and 0.5% Al2O3 in the system thus yields a
large amount of sillenite and mullite phases, as reported

by Valant et al.8 This is in accordance with our analysis
of the effect of impurities presented above. The large
negative value of ∆r,(1)Vm explains why reaction 1 is shifted
toward the right with high pressure, allowing the formation
of BiAlO3, BiGaO3, and BiCrO3.

Conclusion

In summary, BiFeO3 is shown to be metastable with
respect to Bi2Fe4O9 (mullite phase) and Bi25FeO39 (sillenite
phase) for 720 < T < 1040 K. The observation can be
explained by thermodynamic considerations. The thermo-
dynamic stability of BiFeO3-based solid solution perovskites
relative to mullite and sillenite phases can be rationalized in
terms of tolerance factor, acid-base relations, chemical
substitution, and pressure.
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