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BiMnO3 exhibit multiferroic properties, which attract much attention due to numerous
potential applications. The most well-investigated and traditional techniques for
synthesizing this material include high-pressure and high-temperature treatment. In
this way, soft chemistry synthesis of BiMnO3 is desirable. Even though the formation
of BiMnO3 at ambient pressure is not possible according to the phase diagram, many
scientific groups are focused on solving this problem. In the present work, we have
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tested four soft chemistry routes, namely hydrothermal route, two gel methods, and
coprecipitation for synthesizing BiMnO3 from Cl– and NO3

–-containing solutions at
ambient pressure in the temperature range of 200–800°C, and none resulted in the
formation of BiMnO3. The experiment showed that under hydrothermal conditions
manganese and bismuth oxides remain unreacted, and the other tested methods
produce Bi2Mn4O10 and Bi12MnO20 instead. The formation of Bi2Mn4O10 and
Bi12MnO20 from Cl–-containing solutions occurs with BiOCl being formed as an inter-
mediate phase.

Keywords Multiferroics, bismuth manganite, low-temperature synthesis, phase
transformations

1. INTRODUCTION

Bismuth manganite (BiMnO3) belongs to the group of multiferroic materials
which have drawn significant attention in recent years.[1–3] In multiferroic
materials, (anti)ferroelectric, (anti)ferromagnetic, and ferroelastic properties
coexist in the same phase.[4,5] Among perovskite-type manganites of the gen-
eral formula AMnO3 (A = massive trivalent cation, typically lanthanum or
lanthanide), BiMnO3 is a rare example of the compound with ferromagnetic
ordering.[6] Ferromagnetism in BiMnO3 is observed below its TC ≈ –170°C due
to the unusual orbital ordering that stems from the steric effect of the 6s2 lone-
pair on the Bi3+ cation.

The theoretical calculations[7] suggested that BiMnO3 can show both
ferromagnetic and ferroelectric ordering.[8] The lone-pair on Bi3+ is also
believed to be the origin of ferroelectricity in BiMnO3, but some of the struc-
tural properties contradict ferroelectric ordering. Initially, the structure of
perovskite-type BiMnO3 was considered as triclinic[9,10], but the further
experiments showed that metastable BiMnO3 crystallizes in noncentrosym-
metric monoclinic space group C2 at ambient temperature and pressure[11–13]

(Figure 1). In subsequent studies[14,15], it was suggested that BiMnO3 has
a centrosymmetric structure belonging to space group C2/c, which is
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confirmed by calculations[16], but inconsistent with ferroelectricity. These
observations continue to be the subject of discussion.[17]

Structural transformations in BiMnO3 highly depend on the external
conditions (T, P). At ~500°C, BiMnO3 undergoes monoclinic-to-orthorhombic
phase transition and crystallizes in space group Pnma, becoming isostructural
with LaMnO3.

[18,19] High-pressure experiments[20] showed two phase transi-
tions: the first one at 1 GPa originates from a change in MnO6 cooperative
octahedral tilting (monoclinic space group P21/c), and at 6 GPa the symmetry
increases up to orthorhombic (Pnma).

It is a commonly known fact that stabilized perovskite-type bismuth
manganite can be synthesized only at high pressures.[21] And indeed, the
phase diagram for the system Bi – Mn – O[22,23] shows that only two com-
pounds, Bi2Mn4O10 and Bi12MnO20 (or pure Bi2O3), could be formed at ambi-
ent pressure. In manganese sillenite Bi12MnO20, the Mn4+ cations form
isolated [MnO4] tetrahedra incorporated in three-dimensional network of
[BiO5] square pyramids. In Bi2Mn4O10, Bi

3+ occupies highly distorted octahe-
dral sites, Mn3+ and Mn4+ occupy pyramidal and octahedral sites, respec-
tively, in the ratio 1:1. Corner- and edge-sharing coordination polyhedra of
Mn and Bi assemble two three-dimensional-interconnected networks.

О

Mn

Bi

Figure 1: Structure model of monoclinically distorted BiMnO3.
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Perovskite-type BiMnO3 cannot be synthesized at ambient pressure according
to the phase diagram.

The first synthesis of perovskite BiMnO3 was reported in
1965–1968.[9,10,24] Mixture of Bi2O3 and Mn2O3 was placed in a graphite
capsule, which also acted as a heater, and reacted at 40 kbar and 700°C for
30–60 min before quenching. When heated to 300–600°C at ambient pressure,
metastable perovskite BiMnO3 decomposes into Bi2Mn4O10 and Bi2O3 (or
Bi12MnO20).

[18]

While high-pressure treatment continues to be an effective method to
produce bismuth manganite from oxides[14,15,20,25–29], various soft chemical
routes were recently attempted for the synthesis of perovskite-type BiMnO3

at low temperature and pressure.[30–35] The synthesis of bismuth manganite
from the chloride solution by coprecipitation with NaOH at 100–120°C was
reported in.[30,34] Hydrothermal synthesis of BiMnO3 from chloride solution
was attempted by Sun et al.[33], the product was a thin film on a titanium
substrate. Acharya et al.[35] reported a hydrothermal synthesis of fine pow-
der BiMnO3 from nitrate and acetate solutions at 180°C and 40 MPa.
Mazumder et al. described an original approach of producing BiMnO3 bio-
genically using fungal biomass.[31] In this method, freshly prepared bismuth
and manganese hydroxides were heated at 100°C for 12 h; the fungal
biomass was cultivated separately at 50°C and pH = 9 for four days. For
“bio-milling” of synthesized particles, the fungal mycelium was suspended
in a hydroxide medium.

All the above wet-chemical methods appear promising as an alternative for
classical methods that require expensive equipment for high-pressure synthesis
and long heating. However, the reported powder X-ray diffraction (XRD)
data[30–35] could not be associated with successful low-pressure synthesis.
Moreover, recently Sun et al. retracted their original paper[33] and provided
a notice with explanation.[36] In a follow-up study,[36] Sun et al. repeated the
hydrothermal synthesis from Bi, Mn, Cl-containing aqueous solution on the Ti
substrate according to their previously reported method[33] and compared the
XRD pattern of the product with the standard XRD patterns of BiMnO3

(JCPDS 89–4544) and BiOCl (JCPDS 82–0485). The authors have found that
the pattern of synthesized material agrees well with BiOCl instead of BiMnO3.
Moreover, the pattern displayed the peaks attributed to Ti substrate and three
additional peaks of unidentified phase (2Θ = 30.35, 42.40 and 57.00). The XRD
pattern of the same material reported in the original paper[33] do not show any
additional peaks and is in good agreement with JCPDS 82–0485 (BiOCl). The
analogical XRD patterns consistent with JCPDS 82–0485 (BiOCl) were
reported in a number of papers[30,31,35] being incorrectly interpreted as the
pattern of BiMnO3. In this regard, the XRD patterns of pure BiMnO3 product
without any additional phases reported by Hanif et al.[34] look surprising and
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conflict with other studies[30,31,35] that deal with almost the same synthesis
method.[30,31]

The present study was undertaken to test various soft chemistry methods
for synthesizing BiMnO3 from NO3

− (methods a) and Cl− (methods b) solutions
at ambient pressure. The first group of tested methods (methods 1a-b) is
hydrothermal routes. The second group is gel methods (methods 2a-b) based
on the Pechini process[37], which starts with introducing salts or metal alk-
oxides into a solution of citric acid in ethylene glycol or glycerin. In the third
group of methods (methods 3a-b), aqueous solutions of polyvinyl alcohol (PVA)
are used as a polymer medium. Previously we have successfully used PVA-
assisted gel method to produce a number of magnetic and multiferroic
materials.[38–42] And, finally, methods 4a-b are coprecipitation routes.

2. MATERIALS AND METHODS

In methods 1a-b, bismuth oxide was dissolved in nitric (method 1a) or
hydrochloric acid (method 1b), required amount of manganese (II) nitrate
(method 1a) or chloride (method 1b) was then added into solution.
Manganese content was determined gravimetrically by precipitation of man-
ganese ammonium phosphate.[43] The resulted solution was added dropwise
into 40% NaOH with stirring, 3% H2O2 was added to oxidize Mn (II). The
final mixture was loaded in a Teflon autoclave reactor and hydrothermally
treated at 200°C and 3 MPa for ~24 h. The resulted product was washed with
distilled water to pH = 7 and dried at ~100°C.

In the Pechini method[37], metal chelates undergo polyesterification
with a polyfunctional alcohol to form polymer gel. In methods 2a-b, citric
acid and glycerin were added to mixed Bi3+- and Mn2+-containing nitric
(method 2a) or hydrochloric acid (method 2b) solutions in the molar ratio,
citric acid:metal ion = 3:1, glycerin:citric acid = 1:3. The mixture which
contained polybasic chelates was concentrated in air at 80–90°C and dried
at ~120°C to form xerogels 2a and 2b.

Methods 3a-b involve PVA-assisted gel process.[38–42] Mixed Bi3+- and Mn2+-
containing nitric (method 3a) or hydrochloric acid (method 3b) solutions were
added dropwise into aqueous PVA solution with stirring. Heating the mixture at
80–90°C in air and drying yielded xerogels 3a and 3b.

In methods 4a-b, mixed Bi3+- and Mn2+-containing nitric (method 4a) or
hydrochloric acid (method 4b) solutions were added slowly dropwise into
excess concentrated ammonia solution with stirring, an excess of H2O2 was
then added to oxidize Mn(II). The resulted precipitates 4a and 4b were filtered
and washed thoroughly with distilled water to pH = 7.

The xerogels made by methods 2a, 2b, 3a, 3b, and precipitates 4a and 4b
were calcined in the temperature range of 200–800°C with a step size of 100° C.
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X-ray powder diffraction (XRD) was carried out using an ARL-X’TRA diffract-
ometer (CuKα radiation).

Xerogels 2a, 2b, 3a, 3b, and precipitates 4a and 4b were characterized by
thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) using an STA 449 F3 Jupiter simultaneous thermal analyzer equipped
with a QMS 403C Aeolos Quadro quadrupole mass spectrometer. The speci-
mens were placed into the Al2O3 crucibles and heated from 20°C to 800°C in
air at a heating rate of 5°/min.

When calcined at 400–600°C, the products of methods 2b, 3b and 4b were
analyzed by energy-dispersive X-ray spectroscopy (EDS) using an Oxford
Instruments INCA ENERGY 450/XT Microanalysis System equipped with
a detector X-Act ADD and INCA WAVE 700 wavelength-dispersive X-ray
spectrometer.

3. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of the samples produced hydrothermally
using methods 1a and 1b. In both cases, in addition to the predominant peaks
corresponding to Bi2O3, the patterns show small peaks that can be ascribed to
Bi12MnO20. Under hydrothermal conditions, manganese forms only rutile-type

Method 1а

Method 1b

Bi2O3 ICDD: 27-0053

Bi12MnO20 ICDD: 45-0276

MnO2 ICDD: 65-2821

Na4Mn9O18 ICDD: 27-0750

Bi12MnO20 MnO2

Bi2O3 Na4Mn9O18

Figure 2: XRDpatterns of thehydrothermally treated samples preparedbymethods 1aand 1b.
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MnO2 (method 1b) or its sodium-containing species Na4Mn9O18 (method 1a).
Thus, manganese and bismuth oxides remain unreacted under hydrothermal
conditions.

Below we discuss the attempts to synthesize bismuth manganite from
NO3

–containing solutions using gel methods 2a and 3a, and coprecipitation
method 4a (Figure 3). The products 2a and 4a were amorphous by XRD up
to ~300°C. In addition, the samples produced from PVA-based gel appeared
containing unidentified crystalline phase. After calcining at 400°C, these
samples exhibited diffraction peaks corresponding to bismuth oxide species
Bi7.72Mn0.28O12.14 known from the literature. The peaks of Bi7.72Mn0.28O12.14

appeared at 400°C and then sharpened on treatment at 500°C in parallel
with the appearance of unidentified peaks (the major peak is positioned at
2Θ = 27°). In the samples produced by method 2a and 4a, calcining at
400–500°C also yields some crystalline phases, which, however, could not
be identified. Bi2Mn4O10 formation occurred in all samples at 600°C, being
accompanied by Bi2O3-derived phase Bi12MnO20 (methods 3a and 4a) and
unidentified secondary phase (method 2a). After calcining at 700–800°C, all
the samples appeared to be mixtures of Bi2Mn4O10 and Bi12MnO20. There
was no significant difference in the XRD patterns of the calcined products,
regardless of the method used.

The underlying chemical processes can be represented by the following
equations:

Method 2a

Bi3þ þMn2þ þ 5NO3
�þ635 COOHð Þ3þ2C3H5 OHð Þ3 �!100�120�C

H3Oð Þ5BiMn C3H5O COOð Þ3
� �

6 C3H5ð Þ2 þ 5NO2 " þ4:5H2O " þ0:75O2 " �!þ33:88O2

. . . �!700�800�C 11
46

Bi2Mn4O10 þ 1
23

Bi12MnO20 þ 42CO2 " þ22:5H2O "

Method 3a

Bi3þþMn2þþ5NO3
�þ CH2CHOHð Þn �!100�120�C

Bi NO3ð Þ3�Mn NO3ð Þ2� CH2CHOHð Þn �!þ 12:13O2

. . . �!700�800�C 11
46

Bi2Mn4O10 þ Bi12MnO20 þ 10CO2 " þ 5NO2 " þ 10 H2O "

Method 4a

Bi3þþMn2þþ5OH�þH2O2þ xþ 0:5y� 3:5ð Þ H2O �!20
�C

MnO2�xH2Oþ 0:5Bi2O3�yH2O ! . . .

�!700�800�C 11
46

Bi2Mn4O10þ 1
23

Bi12MnO20þ 11
92

O2 " þ xþ 0:5yð Þ H2O "

When attempting to synthesize BiMnO3 from Cl–containing solutions
using methods 2b, 3b, and 4b, in the latter two cases bismuth oxychloride
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BiOCl formed after treatment at 180–200°C and remained the only crystalline
phase up to 400–500°C (Figure 4). In method 2b, the sample dried at 200°C
was amorphous, and after treatment at 300°C, in spite the fact that the
sample was calcined in air, the peaks of metallic Bi appeared in XRD patterns,

Figure 3: XRD patterns illustrating phase transformations during synthesis of bismuth man-
ganite from NO3

–containing solutions using methods 2a, 3a, and 4a.
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suggesting reduction of Bi3+ by decomposing organic components of the xer-
ogel. BiOCl, which is reported to be thermally stable at temperatures below
595°C[44], was observed to stabilize in this system as the calcining tempera-
ture increases up to 400–500°C. Therefore, heating the samples to 600–700°C

Figure 4: XRD patterns illustrating phase transformations during synthesis of bismuth man-
ganite from Cl–containing solutions using methods 2b, 3b, and 4b.
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decomposed this phase, producing Bi2Mn4O10 in all three cases. Finally,
calcining at 800°C yielded a mixture of Bi2Mn4O10 and Bi12MnO20. The reac-
tions can be written as:

Method 2b

Bi3þþMn2þþ5Cl�þ335 COOHð Þ3þC3H5 OHð Þ3þ0:5O2 �!100�120�C

H3Oð Þ2Mn C3H5O COOð Þ3
� �

3 C3H5ð ÞþBiOClþ 4HCl " þ2H2O " �!þ16:88O2

. . . �!700�800�C 11
46

Bi2Mn4O10 þ 1
23

Bi12MnO20 þ 21CO2 " þHCl " þ10:5H2O "

Method 3b
Bi3þþMn2þþ5Cl�þ CH2CHOHð ÞnþH2O �!100�120�C

BiOCl �MnCl2� 5

n
CH2CHOHð Þnþ2HCl " �!þ12:88O2

. . . �!700�800�C 11
46

Bi2Mn4O10þ 1
23

Bi12MnO20þ10CO2 " þ3HCl " þ8:5H2O "

Method 4b
Bi3þþMn2þþCl�þ4OH�þH2O2þ x� 2ð ÞH2O� �!20

�C

BiOClþMnO2 � xH2O !
. . . �!700�800�C 11

46
Bi2Mn4O10 þ 1

23
Bi12MnO20 þ 11

92
O2 " þHCl " þ x� 0:5ð ÞH2O "

BiOCl occurs as an intermediate phase during the formation of manga-
nites Bi2Mn4O10 and Bi12MnO20. The typical EDS spectrum (Figure 5, the
sample produced by method 2 after calcining at 500°C) shows the atomic ratio
Bi:Cl of close to 1:1, indicating incorporation of bismuth into BiOCl, which
agrees with XRD observations.

Results from the XRD analysis of the products synthesized using all tested
methods are summarized in Table 1.

TGA and DSC curves of the samples produced by methods 2a, 2b and 3a,
3b refer to the complex processes initiated by organic residues (Figure 6,
curve 1, 2, 1ʹ, and 2ʹ). Thermal behaviors of all the products share common
features and will be discussed further in the case of samples synthesized by

54321 6 7 8 9

Figure 5: EDS spectrum of the sample produced by method 2b after calcining at 500°C.
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Table 1: A summary of the phases observed by XRD at various heating tempera-
tures for all tested methods.

Additive
Bi3+

source
Mn2+

source

Heat
treatment

temperature,
°C Phases

Method 1a NaOH Bi2O3 +
HNO3

Mn(NO3)2 200 Bi2O3, small
amount of
Bi12MnO20,
Na4Mn9O18

Method 2a citric acid
and
glycerin

200–400 amorph.*

500 U.P.** + amorph.
600, 700 Bi2Mn4O10 + U.P.

800 Bi2Mn4O10 +
Bi12MnO20

Method 3a aqueous
solutions
of PVA

200–300 amorph.

400 U.P. + amorph.
500 Bi7.72Mn0.28O12.14

+ U.P.
600 Bi2Mn4O10 +

Bi12MnO20 + U.
P

700 Bi2Mn4O10 +
Bi12MnO20

Method 4a NaOH 200–400 amorph.
500 U.P. + amorph.
600 Bi2Mn4O10 +

Bi12MnO20 + U.
P

700 Bi2Mn4O10 +
Bi12MnO20

Method 1b NaOH Bi2O3 +
HCl

MnCl2 200 Bi2O3, small
amount of
Bi12MnO20,
MnO2

Method 2b citric acid
and
glycerin

200 amorph.

300 Bi
400–500 BiOCl

600 Bi2Mn4O10 + U.P.
700–800 Bi2Mn4O10 +

Bi12MnO20
Method 3b aqueous

solutions
of PVA

200–600 BiOCl

700 Bi2Mn4O10 + U.P.
800 Bi2Mn4O10 +

Bi12MnO20
Method 4b NaOH 200–600 BiOCl

(Continued)
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the Pechini route (method 2a and 2b). For the xerogel produced from NO3
–

containing solution (method 2a), a sharp weight loss associated with a series
of exothermic effects occurs in the temperature range from 200°C to 300°C,
which can be explained by the organic burnout. This complete and rapid
burnout is likely supported by the high oxidizing power of NO3

− ions. No
further weight loss appeared in continuing the heating over 300°C. The high
exotherm at ~600°C indicates that Bi2Mn4O10 is formed, as seen by XRD.
Further, two comparatively smaller exothermic peaks appeared at 670°C
and 735°C due to transformations of Bi2O3-derived phases. For the xerogel
produced from Сl–containing solution (method 2b), the first sharp weight loss
corresponding to the organic burnout occurs in the temperature range of

Table 1: (Continued).

Additive
Bi3+

source
Mn2+

source

Heat
treatment

temperature,
°C Phases

700 Bi2Mn4O10 + U.P.
800 Bi2Mn4O10 +

Bi12MnO20

*amorph. – Amorphous phase;
**U.P. - Unidentified phase.

Figure 6: DSC (solid) and TGA (dashed) curves for the samples produced by methods 2a
(curves 1 and 1ʹ), 2b (2 and 2ʹ), 4b (3 and 3ʹ).
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~260–320°C. An unexplained exothermic effect was observed at 380°C. Two
exothermic peaks at 560°C and 580°C are associated with the second sharp
weight loss, and on further heating the weight is constant. The XRD patterns
indicate that BiOCl decomposes near these temperatures, which could be
due to reaction with air. We propose two possible explanations: the oxidation
by oxygen

BiOClðsÞþ 1
4
O2ðgÞ ! 1

2
Bi2O3ðsÞþ1

2
Cl2ðgÞ;

ΔH°298 = 88.7 kJ/mol, ΔS°298 = 187.2 J/(mol⋅K)
and, alternatively, the high-temperature hydrolysis

BiOClðsÞþ1
2
H2OðgÞ ! 1

2
Bi2O3ðsÞþHClðgÞ;

ΔH°298 = 117.4 kJ/mol, ΔS°298 = 65.7 J/(mol⋅K).

The calculation of thermodynamic quantities (the constants are taken
from reference[45]) shows that both reactions are endothermic and driven by
a gain in entropy. Thus, the only possible reason behind the exothermic effects
observed in this temperature range is the organic burnout, and the released
heat facilitates the formation of Bi2O3 phases from BiOCl.

Samples 4a and 4b, which contain no organic matter, show no effects
similar to those occurring with products of methods 1–3, as exemplified in
Figure 6 (curve 3 and 3ʹ) by TGA and DSC curves for a chloride-derived
precipitate (method 4b). In the temperature range of 100–800°C, TGA shows
gradual weight loss due to moisture evaporation and outgassing of other
volatiles. Additionally, the DSC curve shows an unexplained exothermic effect
at ~390°C.

4. CONCLUSION

From the experiments, it appeared that BiMnO3 cannot be synthesized from
NO3

– and Cl–-containing solutions using hydrothermal route, coprecipita-
tion, and gel methods. Under hydrothermal conditions, manganese and
bismuth oxides remain unreacted, and the other methods produce
Bi2Mn4O10 and Bi12MnO20 instead, which agrees with the phase diagram
for the system Bi – Mn – O. The formation of Bi2Mn4O10 and Bi12MnO20

from Cl–containing solutions occurs with BiOCl being formed as an inter-
mediate phase.

On the Possibility of Synthesizing BiMnO3 13
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