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ABSTRACT

For the first time, the synthesis was carried out and the physicochemical

properties of solid solutions based on the multiferroic BiFeO3 were studied. It

was found that the samples were characterized by a rhombohedrally distorted

perovskite structure. It was shown that a slight isovalent substitution of Bi3?

ions by La3? ions and Fe3? ions by Co3? ions in BiFeO3 (x B 0.10) leads to an

increase in the specific magnetization. This can be attributed to structural dis-

tortions and causes weak ferromagnetism to occur. The studied samples are p-

type semiconductors and have good sensory properties even without catalysts.

It was found that the maximum values of the S response were obtained at

temperatures close to the ferromagnetic Curie temperature, the value of which is

consistent with the studies of electrical properties.

1 Introduction

State-of-art development of microelectronics requires

creation of new materials with a wide range of

physical properties. Over the recent years, there has

been a continuing interest in the study of the

physicochemical properties of multiferroics (ferro-

electromagnets) based on bismuth ferrites (BiFeO3,

Bi2Fe4O9, etc.) where ferromagnetism and ferroelec-

tricity exist simultaneously. These compounds are

thoroughly studied [1] because of their sensory [2–6],

catalytic [7, 8], and other functional properties [9–12].

The connection between the magnetic and electrical

subsystems in multiferroics makes it possible to

control the magnetic properties of the material with

the help of an electric field and vice versa, which

makes it possible to create multiferroics-based devi-

ces with fundamentally new functionality. That is

why multiferroics are considered as promising

materials for sensor electronics, information pro-

cessing and storage devices, spintronic devices,

microwave technology, and many other applications.

The best studied ferroelectromagnet is BiFeO3 with

a perovskite structure, which is mostly due to the

high temperatures of its magnetic (TN = 643 K) and

electrical ordering (TC = 1083 K). This makes BiFeO3
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a promising basic compound for new materials with

high values of electric polarization and magnetiza-

tion at room temperature. However, solid solutions

based on this ferrite have been studied to a lesser

extent, and the literature data suggest that even with

an insignificant substitution of Bi3? ions by Pr3? ions

[8, 13], Sm3? and Mn3?, Co3?, Cr3? [14], Y3? and Sc3?

[15], La3? [16], Gd3? and Mn3? [17], Sm3? [18], La3?

and Mn3? [19], etc., and Fe3? ions by ferroactive Ti4?,

Nb5? ions [20], the inhomogeneous spatially modu-

lated spin structure of the cycloidal type is destroyed.

Such structure is characteristic for this compound

and does not show intense magnetoelectric proper-

ties. It should be noted that there is practically no

information in the literature on BiFeO3-based solid

solutions, in which simultaneous isovalent replace-

ment of Bi3? ions by rare-earth ions and Fe3? ions by

paramagnetic 3d-metal ions would be carried out

[21–23]. In the works [21–23] of the structure and

magnetic properties of samples with insignificant

substitution in the iron sublattice (up to 5%), for

example, (Bi0.9La0.1) (Fe0.95Cox)O3 (x = 0, 0.01, 0.05)

[21], Bi0.84La0.16Fe1-xCoxO3 x = 0.02–0.1 [22], and

Bi0.9La0.1Fe0.97Co0.03O3 [23] were studied, but the

sensory properties of materials are not considered. It

is shown that such a substitution can contribute to the

production of ferroelectric materials with improved

properties, since in certain cases partial substitution

of ions makes it possible to smoothly control

physicochemical properties of the samples. In this

work, we have investigated not only crystal structure,

magnetic, and electrical properties but also sensory

properties of Bi1-xLaxFe1-xCoxO3 solid solutions

(x = 0.05; 0.1), formed at simultaneous substitution of

Bi3? ions by La3? ions and Fe3? ions by Co3? ions in

BiFeO3.

2 Materials and methods

2.1 Materials and reagents

All oxides (Bi2O3, Fe2O3, La2O3, Co3O4) were of

analytical grade (Merck). Contents of the basic sub-

stances in the above oxides were at least 99.99%.

2.2 Method of synthesis

Synthesis of polycrystalline samples Bi1-xLaxFe1-x-

CoxO3 (0 B x B 0.10) was carried out by solid-phase

reactions from the corresponding oxides Bi2O3,

Fe2O3, La2O3, and Co3O4. La2O3 oxide was calcined in

air at a temperature of 1000 �C for 2 h. Powders of the

starting materials taken in the set molar ratios were

mixed and ground for 30 min in a planetary mill with

the addition of ethanol. The resulting mixture was

compressed under pressure of 50–75 MPa into tablets

with 25 mm across diameter and 5–7 mm thickness.

The tablets were then fired at 800 �C in air for 8 h.

After that the tablets were crushed, grounded, and

pressed into bars of 30 mm length and a section of

5 9 5 mm. BiFeO3 sample was annealed in air at a

temperature of 870 �C for 10 min. Samples with

x = 0.05 and 0.10 were annealed in air at 950 �C for

8 h since the preparation of single-phase BiFeO3 is

difficult due to the complexity of the phase diagram

of the Bi2O3–Fe2O3 system, which allows the forma-

tion of two other binary compounds, i.e., Bi2Fe4O9

and Bi25FeO39.

2.3 Materials characterization

X-ray diffraction patterns were obtained on a D8

ADVANCED Bruker diffractometer using CuKa
radiation. IR spectra were recorded in the

wavenumber range of 350–900 cm–1 in mixtures pel-

leted with KBr on a NEXUS IR Fourier spectrometer

(THERMO NICOLET) with an error of ± 2 cm–1.

Sensory properties were determined using sintered

thick film samples on ceramic substrates. Suspension

of powdery solid solutions in ethanol was deposited

on the ceramic plate. Further, the plate was dried in

air at 373 K and then it was annealed in air at 1073 K

for 2 h. Finally, the Ag contacts (suspension of pow-

dery Ag in isoamyl acetate) were deposited on the

edges of such a thick film structure. Ag wires were

also used as electric conductors. Gas-sensitive ele-

ment (layer) of the sensor made of bismuth ferrite

usually had 5–7 mm width, 10–12 mm length. Its

thickness did not exceed 0.5 mm. Silver paste and

wire were used as contacts. The internal volume of

the measuring cell was about 140 cm3, and the cell

was placed in a resistance tube furnace with a con-

trolled temperature.

Electrical conductivity of the samples was mea-

sured in air in the temperature range of 300–1100 K

by four-contact method. Silver contacts were also

used.

Specific magnetization (rsp) of the samples was

measured by the Faraday method in the temperature
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range of 77–1000 K in the Scientific-Practical Materi-

als Research Center of NAS of Belarus.

3 Results and discussion

The results of X-ray diffraction analysis made it

possible to establish that the substitution of up to

10 mol% of Bi3?, Fe3? ions by La3?, Co3? ions in

BiFeO3 ferrite led to the formation of a continuous

series of solid solutions (Fig. 1). This is evidenced by

a gradual decrease in parameter a and an increase in

the angle a of the crystal lattice of rhombohedrally

distorted perovskite (Table 1).

The patterns of changes in the frequencies of

absorption bands caused by stretching and defor-

mation vibrations, depending on the degree of sub-

stitution x, are confirmed by the data of X-ray phase

analysis. The broad absorption bands in the spectra

in the region of &540–615 cm–1 characterize the

vibrations of B–O bonds in the BO6 octahedra of the

ABO3 perovskite. With an increase in the substitution

degree, this absorption band was shifted to the high-

frequency region. This is a consequence of a decrease

in the B–O bond lengths (Fe3?–O, Co3?–O). In this

case, the nature of the change in absorption fre-

quencies caused by deformation vibrations changes

insignificantly with an increase in the degree of

substitution x and slightly shifts to the high-fre-

quency region.

The distortion of the structure is due to the fact that

the effective ionic radius of the trivalent bismuth ion

Bi3? (r(Bi3?) = 1.20 Å) was greater than the effective

ionic radius of La3? (r(La3?) = 1.04 Å) with the same

anionic environment [24], and the effective ionic radii

of the trivalent ions Fe3? and Co3? at the same

anionic environment differ insignificantly and are

r(Fe3?) = 0.67 Å and r(Co3?) = 0.64 Å [24], respec-

tively. It should be noted that the studied samples

contained an insignificant amount of impurity phases

of ferrites Bi2Fe4O9 and Bi25FeO39 which was recor-

ded on electron microscopic images of chips of

ceramic samples of the studied solid solutions

(Fig. 2). Compositions of these grains (Bi25FeO39 and

Bi2Fe4O9) were assigned on the basis of the results of

determination of Bi- and Fe-content by EDX results.

Theoretical content of Bi and Fe in the Bi2Fe4O9 was

53.22 and 28.44 wt%, respectively, while these values

for the Bi25FeO39 were 88.49 and 0.95 wt%,

respectively.

In addition, according to the results of X-ray phase

analysis, the Bi0.9La0.1Fe0.9Co0.1O3 sample also con-

tained a certain amount of ferromagnetic cobalt fer-

rite phase CoFe2O4, Curie temperature (Tc), and

specific saturation magnetization (rs) at T = 0 K for

which were 793 K and 90 G�cm3/g [25]. The presence

of other impurity phases in the samples of solid

solutions with the composition Bi1-xLaxFe1-xCoxO3

(0.05 B x B 0.1), including ferrite LaFe11
3?Fe2?O19,

for which Tc was 695 K, and rs at a temperature of

T = 100 K was 17.5 lB (88 G�cm3/g) [26], was not

detected. The impossibility of obtaining BiFeO3

without impurities of other compounds existing in

the Bi2O3–Fe2O3 system by solid-state interaction of

oxides of bismuth (III) and iron (III) is also evidenced

by numerous literature data [27, 28]. According to a

number of authors, the formation of impurity sec-

ondary phases Bi25FeO39, Bi2Fe4O9 occurs indepen-

dently of the synthesis method: solid-state ceramic

method, sol–gel technology, and other methods. In

the synthesis of BiFeO3, the high volatility of Bi2O3

led to the formation of the Bi2Fe4O9 phase with a

Fig. 1 X-ray diffraction

patterns (a) and IR spectra

(b) of samples

Bi1-xLaxFe1-xCoxO3 at

different values of x: 0 (1);

0.05 (2); 0.1 (3)
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lower bismuth content compared with BiFeO3, while

an insignificant excess of Bi2O3 in the reagent mixture

led to the formation of the Bi25FeO39 phase with a

higher bismuth content as compared to BiFeO3.

However, our earlier study of the magnetic proper-

ties of Bi25FeO39 and Bi2Fe4O9 [29] made it possible to

establish that these compounds do not contribute to

the ferromagnetism of the resulting solid solutions

based on bismuth ferrite BiFeO3, since Bi25FeO39

exhibits paramagnetic properties in the temperature

range of 5–1000 K, and Bi2Fe4O9 is an antiferromag-

net (with a Neel temperature TN = 258 K) without

signs of weak ferromagnetism. This was evidenced

by the absence of magnetic hysteresis on the curves of

the field dependence of magnetization [29]. This cir-

cumstance seems to be important since in some

works [7] the presence of weak ferromagnetism in

BiFeO3 was associated namely with the presence of

the impurity phase Bi25FeO39 which was considered a

weak ferromagnet.

The results of measuring the electrical conductivity

(r) of ceramic samples Bi1-xLaxFe1-xCoxO3 in the

range 300–1100 K (Fig. 3) showed that an increase in

temperature led to an increase in electrical conduc-

tivity (r), i.e., the samples are semiconductors.

According to [30, 31], the solid solutions based on

BiFeO3 are semiconductors of the p-type.

In this case, an increase in the degree of substitu-

tion x of Bi3? ions in BiFeO3 by La3? ions and Fe3?

ions by Co3? ions led to a gradual increase in r. The
obtained dependences of EA on T for the studied

samples of ferrite-cobaltites pass through a

maximum. The activation energy was maximum at

temperature 670 K for a sample with a degree of

substitution x = 0.05, and for a solid solution with

x = 0.1 it rises to 740 K, which were close to the Curie

temperature (Tc = 750 K) for the ferromagnetic phase

of these samples. This was evidenced by the results of

the magnetic properties of the samples (Fig. 4). At

increase in the degree of substitution of diamagnetic

Bi3? ions by La3? diamagnetic ions and Fe3? para-

magnetic ions by Co3? ions (which at temperatures

below 300 K are in a low-spin (LS) diamagnetic state,

and at higher temperatures, in a paramagnetic

intermediate (IS) or high-spin (HS) states), specific

magnetization (rsp) gradually increases. Such an

increase in rsp at increase in the degree of substitu-

tion xmay be explained by structural distortion when

Bi3? ions in BiFeO3 are substituted by rare-earth ions

with a smaller ionic radius than bismuth ions [24].

This contributes to the destruction of the spiral spa-

tially modulated structure of bismuth ferrite and the

appearance of weak ferromagnetism [1]. Thus, at an

increase in the degree of substitution x from 5 to

10 mol%, there was a gradual destruction of antifer-

romagnetic ordering and nucleation of ferromagnetic

ordering in the samples where the Curie temperature

changes insignificantly.

Sensory properties were assessed by the difference

in electrical resistances of thick films measured in air

(Rair) and in air containing a certain amount of vapors

of the corresponding substances (Rgas): S = (Rgas–

Rair)�100%/Rair. The sensory properties of the

obtained samples were investigated for the content of

Table 1 Crystal lattice

parameters of solid solutions

of ferrite-cobaltites Bi1–

xLaxFe1–xCoxO3 at different

values of x

Substitution degree, x a, Å
´

Angle a, degree V, Å
´ 3 Structure type

0 3.962 (2) 89.433 62.190 R (R3c)

0.05 3.961 (2) 89.474 62.117 R (R3c)

0.1 3.955 (2) 89.642 61.872 R (R3c)

Fig. 2 SEM images of ceramic chips BiFeO3 (a), Bi0.95La0.05Fe0.95Co0.05O3 (b) and Bi0.9La0.1Fe0.9Co0.1O3 (c)
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ethanol, butanol, acetone, diethyl ether, AI-92 gaso-

line in the air.

Firstly, the temperatures of the maximum of

response (S) values were determined. Typical exam-

ple of the temperature dependence of the S for the

Bi0.9La0.1Fe0.9Co0.1O3 (at the fixed content of acetone

in air) is given in Fig. 5.

For all the studied gases, these temperatures

exceeded 250 �C (523 K) and depended on the nature

of gas (being in the range of 677–780 K). Then, for

temperatures corresponding to the maxima of S, the

concentration dependences S = f (C) were obtained,

as shown in Fig. 6 (for the Bi0.9La0.1Fe0.9Co0.1O3

sample with better sensory characteristics). As seen

from Fig. 6, the sharpest increase in the S of the

sample was observed at low gas concentrations. In

the region of high vapor content in the air, the

response of the sample tends to saturation. But, for

diethyl ether, which has the lowest boiling point of

the investigated gases, with a high content of its

vapors in the air, ignition occurred when diethyl

ether vapors were introduced into the measuring cell

heated to the operating temperature. It is shown that

the maximum values of S were obtained for the

Bi0.9La0.1Fe0.9Co0.1O3 sample at temperatures close to

the ferromagnetic Curie temperature. The maximum

values of the response S to vapors of various sub-

stances for samples with x = 0.1 varied from 200 to

750% (in the case of gasoline vapors) at vapor con-

centrations in the air up to 14,000 ppm. Films made

of pure BiFeO3 had the lowest gas sensitivity and the

highest resistance.

Fig. 3 Temperature dependence of a electrical conductivity (r) and b derivative dln(r)/dT (of the activation energy EA) of electrical

conductivity for samples Bi1-xLaxFe1-xCoxO3 at different values of x

Fig. 4 Temperature dependences of specific magnetization (rsp) of samples 2 and 3 (a) and sample 1 (b) with varying degrees of

substitution x: 0 (1); 0.05 (2); 0.1 (3)
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Resistance (Rair) of the samples (a–e) in air (at the

above temperatures) were 360 Ohm, 110 Ohm, 370

Ohm, 865 Ohm, and 580 Ohm, respectively. Note that

difference in Rair values of the thick films in partic-

ular may be due to the difference in the dimension

(length, width, thickness) of the films studied.

Table 2 compares some data on the study of the

response (S) of a thick film based on undoped bis-

muth ferrite BiFeO3 to the content of organic vapors

in the air. The measurements were carried out at an

operating temperature of 740 K. Results obtained for

the Bi0.9La0.1Fe0.9Co0.1O3 solid solution and undoped

BiFeO3 showed that the S values of the BiFeO3-based

sensor was noticeably lower compared to Bi0.9La0.1-
Fe0.9Co0.1O3 solid solution. Thus, the partial isovalent

substitution of simultaneous bismuth ions by lan-

thanum ions and iron ions by cobalt ions in the

BiFeO3 structure made it possible to significantly

improve sensory properties of BiFeO3. One of the

reasons of the above increase of gas sensitivity of the

solid solutions may be due to the catalytic properties

of lanthanum and/or cobalt.

Important sensor characteristics are response time

(for example, time to reach 90% signal value) and

recovery time when the system is blowed by air.

Generally, response and recovery times are highly

dependent on the operating temperature of the sen-

sor, the type of gas, and the volume of the measure-

ment chamber. For all the gases studied by us for the

Fig. 5 Temperature dependence of the S value for

Bi0.9La0.1Fe0.9Co0.1O3 at the fixed content of acetone in air

Fig. 6 Dependence of the magnitude of the response (S) of a thick

film based on Bi0.9La0.1Fe0.9Co0.1O3 on the concentration of

vapors of various substances in the air: a ethanol (T & 780 R);

b butanol (T & 775 R); c acetone (T & 730 R); d petrol (T &
705 R); e diethyl ether (T & 677 R)
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used thick film rather massive sensor with x = 0.1,

these times mostly did not exceed 30 s. Probably, the

miniaturization of the sensor (application of MEMS

technologies with a built-in microheater) will some-

what reduce these times. Note that measurements of

sensory properties were conducted with hand

recording of the results (without automatic

recording).

Since the investigated material was a p-type semi-

conductor, then, in the presence of reducing gases, as

expected, its electrical resistance increased. For

semiconductor gas sensors, the gas sensitivity

mechanism is caused by a change in the surface

resistance of the sensor during adsorption or des-

orption of oxygen. So, at low temperatures (below

250 �C [32] and according to other data below 100 �C
[33]), oxygen molecules adsorbed on the sensor sur-

face capture electrons from the valence band (con-

duction band) forming O2
– ions [32]:

O2ðgasÞ þ e ! O�
2ðadsÞ

At higher temperatures (above 250 �C) O2
– parti-

cles dissociate into O– and O2– ions or these ions are

formed according to the following scheme:

1=2O2ðgasÞ þ e ! O�
ðadsÞ

1=2O2ðgasÞ þ 2e ! O2�
ðadsÞ:

In this case, the concentration of electrons in the

surface layer decreases, while the concentration of

holes increases. The adsorbed oxygen ions oxidize

the reducing gases. For example, for acetone the fol-

lowing oxidation schemes on p-type oxide semicon-

ductors are usually proposed [33]:

CH3COCH3 þ 8O�
ðadsÞ ! 3CO2 þ 3H2O þ 8e

CH3COCH3 þ 6hþ þ 3O2�
ðadsÞ

! CH3CHO þ CO2 þ H2O

CH3CHO þ 10hþ þ 5O2�
ðadsÞ ! 2CO2 þ 2H2O:

Since the operating temperatures of the sensor

exceeded 250 �C, the oxidation of the studied organic

substances occurred due to the adsorbed O– or O2
–

ions. It should be noted that the studied samples had

good sensor properties even without catalysts (plat-

inum or palladium). The introduction of catalysts can

improve the sensory characteristics of such materials.

Thus, sensors based on Bi0.9La0.1Fe0.9Co0.1O3 can be

installed in various industrial premises to detect

perilous concentrations of vapors of the investigated

combustible organic substances. The stability of the

above sensors was tested and confirmed after keep-

ing them in the air for one month. Difference of the

S values before and after keeping of the samples in

the most cases did not exceed ± 10%.

4 Conclusions

For the first time, the synthesis of solid solutions

based on ferroelectric BiFeO3 was carried out and

their crystal structures, electrical, magnetic, and

sensory properties were investigated. It was found

that the samples obtained were characterized by a

rhombohedrally distorted perovskite structure. The

results of the studies of the magnetic properties

showed that at a slight isovalent substitution of Bi3?

ions by La3? ions and Fe3? ions by Co3? ions in

BiFeO3 (0.05 B x B 0.10), an increase in the specific

magnetization occurs. This was a consequence of

structural distortions due to the introduction of sub-

stituent ions into crystal structure of bismuth ferrite,

which contributes to the destruction of the spiral

spatially modulated structure of BiFeO3 and the

appearance of weak ferromagnetism. The data

obtained on the temperature dependence of activa-

tion energy of electrical conductivity for the studied

samples are in good consistence with the data of

magnetic studies. It was shown that the temperature

at which the value of the activation energy of elec-

trical conductivity was maximum for samples with

the degree of substitution x = 0.05 and 0.1 was close

to the Curie temperature (Tc = 750 K) of the ferro-

magnetic phase of these samples. The study of the

gas sensitivity of the materials made it possible to

establish that the studied samples have good sensory

properties even without catalysts (platinum or

Table 2 Response values S of

BiFeO3 thick film Substance Ethanol Butanol Acetone Diethyl ether Petrol

Vapor concentration, C, ppm 2680 330 10,140 2300 1235

Response S, % 50 60 105 90 110
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palladium). It was shown that the maximum values

of response S were obtained at temperatures close to

the ferromagnetic Curie temperature, which is also

consistent with other studies of the Bi0.9La0.1Fe0.9-
Co0.1O3-based samples. Sensors can be installed in

various industrial premises to detect perilous con-

centrations of vapors of the investigated combustible

organic substances in the air.
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