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A technique for the synthesis of bismuth orthoferrite nanopowder doped with cobalt ions 
activated using microwave radiation is proposed. Exposure to microwave radiation followed by 
ultrasonic treatment of the synthesized BiFeO3 samples using sodium hydroxide as a precipitant 
makes it possible to obtain spherical BiСохFe1–хO3 particles with a narrow particle-size distri-
bution in the range of 35—60 nm. Bismuth ferrite doped with cobalt ions has a considerably 
higher magnetization and magnetic susceptibility than an undoped BiFeO3. 
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Bismuth ferrite BiFeO3, a complex oxide with a pe-
rovskite-like structure, is a promising multiferroic which 
can be used in various new electronic devices. High tem-
peratures of magnetic (Neel temperature TN ~643 K) and 
ferroelectric ordering (Curie temperature TC ~1083 K) 
indicate that the magnetoelectric eff ect can be expected 
to manifest itself at high operating temperatures, provided 
that the spatially modulated spin structure is suppressed. 

Magnetoelectric materials are necessary for the develop-
ment of fundamentally new spintronic devices, including 
those used for computer memory, as well as ultra-sensitive 
sensors of constant and alternating magnetic fi elds for var-
ious purposes (medicine, navigation, instrumentation), phase 
shifters and switching elements for optics, devices for the 
conversion of electromagnetic fi eld energy, microwave 
equipment precision devices.1—6 Various methods are used 

for the suppression of the spin cycloid: the application of 
a strong magnetic fi eld, the replacement of bismuth ions 
with ions of rare earth elements or iron ions with 3d-metals, 
the manufacture of BiFeO3 thin fi lms, etc.7—12 

Doping of bismuth ferrite with d-metals,13,14 which 
have their own magnetic moments, improves the magnetic 
and ferroelectric properties of BiFeO3, extends the inter-
val of formation of continuous solid solutions, and in-
creases the thermal stability of BiFeO3. 

The synthesis of BiFeO3 is fraught with diffi  culties 
primarily related to the need to obtain the product as a pure 
phase. Based on the works,15—21 it was suggested that 
microwave synthesis can be used to prepare individual 
phases of monodisperse nanoparticles with reproducible 
compositions and sizes at a low temperature and with 
a short process duration (Table 1). 

* Based on the materials of the XXI Mendeleev Congress on General and Applied Chemistry (September 9—13, 2019, St. Petersburg, 
Russia).

Table 1. Qualitative comparison of advantages off ered by bismuth ferrite synthesis methods

Synthesis method  Possibility  Particle  Synthesis  Synthesis  Simplicity  Content
   of doping  size/nm  temperature/C  duration   of impurities

Ceramic method15,16 Yes ~200 >800 Hours – Considerable
      (sometimes days)
Pechini method17 Yes 20—25 ~100—350 Hours – Considerable
      (sometimes days)
Hydrothermal synthesis18 Yes 12—27 <500 Hours – ~7%
Microwave synthesis19,20 Yes 35—60 ~100 Hours + Negligible
Aerosol spray Yes 33—57 ~760 Hours + Negligible
  pyrolysis method22
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The goal of this work is to carry out a synthesis of 
BiFeO3 and BiСохFe1–хO3 nanopowders activated by 
microwave radiation and to determine the eff ect of cobalt 
doping of bismuth ferrite on the magnetic properties of 
the samples. 

Experimental 

Crystalline hydrates Fe(NO3)3•9Н2О (analytical grade, 
TU 6-09-02-553-96) and Bi(NO3)3•5H2O (analytical grade, 
CAS 10035-06-0), cobalt nitrate Co(NO3)2•6H2O (analytical 
grade, GOST 4528-78), sodium hydroxide NaOH (analytical 
grade, GOST 432877) were used as precursors. Bismuth ferrite 
was deposited from a solution of starting nitrates under microwave 
radiation from a source with Pmax = 800 W (operating frequency 
2450 MHz).10 In the synthesis of cobalt doped bismuth ferrite, 
the concentrations of cobalt and iron ions were calculated using 
the stoichiometric ratio: Bi3+ : Co2+ : Fe3+ = 1 : х : (1 – х), where 
х = 0.05, 0.10, 0.15 is the targeted degree of doping. 

The calculated amounts of iron nitrate, bismuth nitrate, and 
cobalt nitrate crystalline hydrates were dissolved in distilled 
water, and a 20% NaOH solution was added to the resulting 
solution. The resulting solution was exposed to microwave ra-
diation with Pmax = 700 W for 10 min, followed by exposure to 
ultrasound (VU-09-Ya-FP-02) for 15 min to activate the syn-
thesis of bismuth ferrite. After cooling to ~20 C, the bismuth 
ferrite precipitate was isolated from the solution by centrifuga-
tion, dried in air, and calcined in a muffl  e furnace (SNOL 
8.2/1100) at 500 C for 2 h. 

To study the phase composition of the sample and the sizes 
of crystallites, powder X-ray diff raction (DRON-3 X-ray dif-
fractometer with a Mo anode (λ = 0.71075 nm)) was used. X-ray 
diff ractograms were recorded from 6 to 40 (2θ) with a step of 
0.05. The size of CSR (coherent scattering regions) was calcu-
lated by the Scherrer equation from the standard peak broadening. 

The synthesized BiFeO3 and BiCoxFe1–xO3 samples were 
studied on a Vertex-70 IR Fourier spectrometer (spectral resolu-
tion 0.5 cm–1, spectral range 400—4000 cm–1), transmission 
spectra were recorded. 

Energy dispersive spectra were recorded on a JEOL-6510LV 
scanning electron microscope with an energy dispersive micro-
analysis system (Bruker). 

The size and morphology of the particles of the synthesized 
powders was determined using transmission electron microscopy 
(TEM, Carl Zeiss Libra-120 transmission electron microscope). 

Magnetic properties were measured using a model 7407 
LakeShore magnetometer in fi elds of up to 1591549.43 A m–1 
(20 kOe) in a nitrogen cryostat. A sample with a weight of 15—30 mg 
was used, which was packaged into a polyethylene phthalate 
micropack. Sample sizes did not exceed 4×5×0.5 mm. An in-
plane external fi eld was applied to the sample to minimize the 
demagnetizing eff ect. 

Results and Discussion 

Powder X-ray diff raction results (Fig. 1) indicate that 
the synthesized samples are bismuth orthoferrite BiFeO3 
(card number 73-0548). Single refl ections of Bi25FeO39 
and Bi2Fe4O9 phases are also present (card numbers 
46-0416, 72-1832).23 

A comparison of the diffraction patterns of 
BiCo0.05Fe0.95O3, BiCo0.10Fe0.90O3, and BiCo0.15Fe0.85O3 
samples (see Fig. 1) exhibits a shift of the refl ections rela-
tive to those of the undoped sample toward larger 2θ angles, 
which indicates a contraction of the crystal lattice due to 
the substitution of the ion with a larger radius with an ion 
with a smaller radius.24 In consideration of the charge state 
of the dopant,24 it is appropriate to take into account 
a rapid change of the oxidation state of cobalt from +2 to 
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Fig. 1. X-ray diff raction patterns of BiFeO3 (1), BiCo0.05Fe0.95O3 (2), BiCo0.10Fe0.90O3 (3), BiCo0.15Fe0.85O3 (4). The symbols "○", 
" ", and "◊" indicate BiFeO3, Bi25FeO39, and Bi2Fe4O9 refl ections, respectively.
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+3 that may initiate the oxidative thermolysis of cobalt 
nitrate when the starting mixture undergoes a microwave 
heating. This in turn can lead to the formation of Со3О4 
as evidenced by our experimental results.25 Therefore, we 
can assume that cobalt ions are mainly in the state Со3+ 
during the synthesis of doped BiFeO3 samples. Cobalt ions 
can be incorporated into the ferrite lattice in sites previ-
ously occupied by iron cations due to the similarity of their 
atomic characteristics and crystallochemical parameters. 
Apparently, this process is what is observed when cobalt 
is introduced. This suggestion is supported by crystallo-
chemical results indicating either identical (0.055 nm)26 
or very similar26 Со3+ (0.061 nm) and Fe3+ (0.064 nm) 
radii. The possibility of isomorphous substitution of Fe3+ 
and Со3+ is indirectly confi rmed by the shift of the stron-
gest refl ection in the diff raction patterns of BiFeO3 toward 
a larger 2θ angles with an increasing degree of doping with 
cobalt. The Со2+ cations have a radius of 0.074 nm, which 
is larger than the ionic radius of Fe3+, and, in principle, 
can occupy the position of Bi3+ (ionic radius equal to 
0.120 nm).27 In reality, the incorporation of cobalt into 
the bismuth ferrite lattice replacing iron ions is confi rmed 
by the contraction of the crystal lattice (Table 2). 

The energy dispersive spectra of the synthesized 
BiCoxFe1–xO3 samples include not only Bi, Fe, and O 
signals, but also Co signals (Fig. 2), which once again 
confi rms the inclusion of cobalt into the BiFeO3 lattice. 
Cobalt signals in the spectra of the synthesized samples 
grow in intensity with an increasing degree of doping of 
bismuth ferrite. 

The calculation of CSR for the synthesized ferrite 
samples using the Scherrer formula showed that the 
average particle sizes of BiFeO3, BiCo0.05Fe0.95O3, 
BiCo0.10Fe0.90O3, and BiCo0.15Fe0.85O3 are in the range 
of 17—67 nm (Table 3), and the particle diameter is much 
smaller for doped ferrite compared to undoped BiFeO3. 

According to TEM (Fig. 3, a), BiFeO3 particles are 
predominantly spherical and agglomerated, particle sizes 
are in the range of 35—60 nm. The sizes of most particles 
are in the range of 35—55 nm. 

In the case of BiCo0.10Fe0.90O3, the particles have 
a spherical shape (Fig. 3, b—e), the predominant particle 
size is 1—20 nm (Fig. 4). Some agglomerates with sizes of 
up to 60 nm are observed (see Fig. 3, a). 

In general, TEM results confi rm the calculations of 
CSR based on powder X-ray diff raction results. Some 
overestimation of the latter in comparison with TEM 
results is related with the specifi c features of the methods 
used. The determination of the average size of CSR with 
the Scherrer formula using the width of the diff raction 
maximum can lead to errors caused by the following rea-
sons. First, mathematical models used to analyze the 
profi les of X-ray lines when determining the distribution 

Table 2. Lattice parameters of the synthesized samples 

Sample  a  c V/Å3

 Å

Standard, BiFeO3 5.58 13.9 374.81
 (card 73-0548)
BiCo0.05Fe0.95O3 5.5722±0.05 13.8570±0.13 372.61±0.37
BiCo0.15Fe0.85O3 5.5707±0.05 13.8529±0.13 372.49±0.37
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Fig. 2. Energy dispersive spectra of BiCo0.05Fe0.95O3 (a), 
BiCo0.10Fe0.90O3 (b), BiCo0.15Fe0.85O3 (c). 

Table 3. Size of the CSR* (powder X-ray diff raction results) 
of BiCoхFe1–хO3 particles with targeted cobalt content 
x = 0—0.15

Sample  D1 D2 D3 Dav

 nm

BiFeO3 66±3 54±2 80±4 67±3
BiFeO3—Co(5%) 23±2 19±1 20±2 21±2
BiFeO3—Co(10%) 15±1 13±1 25±2 17±1
BiFeO3—Co(15%) 48±3 21±1 47±2 39±2

* D is nanoparticle diameter.
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of particle sizes are diff erent. Second, the broadening of 
diff raction maxima can be aff ected by various factors, in 
particular, the presence of defects and microstrains. In 
addition, the diff raction method characterizes the bulk 
structure and is therefore used to determine particle size 
which is averaged over the entire volume, in contrast to 
electron microscopy, which is a direct local visual method 
for estimating particles size. 

The fi eld dependence of magnetization of undoped 
BiFeO3 is nearly linear both at a temperature of 300 K 
(Fig. 5, a) and at a temperature which is decreased to 
100 K (Fig. 5, b). 

The specific magnetization of BiFeO3 reaches 
11.3 A  m2  kg–1 at a temperature of 300 K in a fi eld of 
16 kOe (1273239 A m–1), and with a temperature decreas-
ing to 100 K it increases to 18.2 A m2 kg–1 (almost half as 
much again) (Table 4). 

The introduction of a dopant changes the magnetic 
structure of bismuth ferrite, which is observed on the 

magnetization curves of the samples. The fi eld depen-
dences of the magnetization of BiCo0.1Fe0.90O3 and 
BiCo0.15Fe0.85O3 samples have distinctive bends at a mag-
netic fi eld of ~2500 Oe (198943 A m–1). The shape of the 
hysteresis loop indicates that magnetic saturation is not 
achieved in a fi eld of up to 16 kOe (1273239 A m–1). The 
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Fig. 3. TEM images in the gelatin layer of BiFeO3 (a) and various BiCo0.10Fe0.90O3 particles (b—e). 
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Fig. 4. Histogram of the particles-size distribution for 
BiCo0.10Fe0.90O3 according to TEM; N is the fraction of particles. 

Fig. 5. Field dependence of the magnetization (M) of BiFeO3 (1), 
BiCo0.10Fe0.90O3 (2), and BiCo0.15Fe0.85O3 (3) (calcined at 
500 C, 2 h) samples, measured at 300 (a) and 100 K (b); H is 
the magnetic fi eld. 
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specific magnetization of BiCo0.1Fe0.90O3 and 
BiCo0.15Fe0.85O3 in a fi eld of 16 kOe (1273239 A m–1) at 
a temperature of 100 K is 61.2 and 58.6 A m2 kg–1 (see 
Table 4), respectively. The magnetization of both samples 
decreases with a temperature increasing to 300 K 
(39.5 A m2 kg–1 for BiCo0.1Fe0.90O3 and 33.2 A m2 kg–1 
for BiCo0.15Fe0.85O3), but remains much higher than the 
magnetization of undoped bismuth ferrite (see Table 4). 

In general, the magnetization of both undoped bismuth 
ferrite and BiCo0.1Fe0.90O3, BiCo0.15Fe0.85O3 samples 
steadily decreases with increasing temperature (Fig. 6). 
The specifi c magnetization of BiCo0.1Fe0.90O3 is slightly 
higher than that of BiCo0.15Fe0.85O3 at all temperatures, 
despite higher dopant content in the latter, which is prob-
ably due to the presence of Bi25FeO40 impurities in the 
sample (powder X-ray diff raction results), whereas in the 
diff raction pattern of BiCo0.1Fe0.90O3 the Bi25FeO40 
maxima are much weaker (see Fig. 1). Nevertheless, 
the ferromagnetic behavior of the samples observed at 
room temperature refl ects the properties of the principal 
BiСo0.1Fe0.9O3 and BiСo0.15Fe0.85O3 phases only, because 
the Bi25FeO39 impurity phase, traces of which were de-
tected using powder X-ray diff raction, is not ferromagnetic at 
room temperature. The Bi2Fe4O9 impurity phase is antifer-
romagnetic until a temperature of 258 C is reached.28 

The stability of the magnetic structure of a substance 
is related to the persistence of the crystal structure, and 
the nature of the exchange interactions is strongly depen-
dent on the parameters of the crystal lattice. The change 
of the magnetic properties of doped samples can be caused 
by the distortions of crystallographic parameters because 
of the diff erence in the ionic radii of cobalt and iron. The 
distortions of the starting matrix (BiFeO3), caused by the 
size factor, leads to changes in bond angles and bond 
lengths for Fe—O—Fe, and, consequently, the strength 
of the exchange interaction. Doping of bismuth ferrite 
with cobalt ions leads to the formation of Fe—Co—Fe and 
Fe—O—Co—Fe confi gurations, which tend toward ferro-
magnetic ordering.29 A possible approach for increasing 
magnetization is an increase of the spin-orbit coupling 
constant for cobalt atoms, which increases the rotation 

angle of magnetic sublattices in the antiferromagnet.30 
Bismuth ferrite doped with cobalt ions may be a promising 
catalyst for the oxidination of semiconductors, on the 
surface of which dielectric and semiconductor fi lms with 
thicknesses in the nanoscale range rapidly form. Bismuth 
compounds, as we have shown earlier,31 are eff ective 
stimulants of thermoxidation of semiconductors, iron can 
perform a catalytic function in these processes, and cobalt 
can take part in both.32 Using nanoscale nanostructured 
yttrium ferrite fi lms deposited on a silicon surface as an 
example, we have established that magnetic properties of 
these objects persist in the fi lm state,21 which makes it 
possible to use the magnetic fi eld to control heterogeneous 
catalytic processes in new systems that operate with a thin-
fi lm catalyst, reagents, and products. 

In conclusion, a technique has been developed for the 
synthesis of BiFeO3 and BiCoхFe1–хO3 nanopowders 
activated by microwave radiation, which allows the forma-
tion of samples with high chemical homogeneity. The 
synthesized powders have particles of predominantly 
spherical shape and are up to 100 nm in size with most 
particles having sizes in the range of 35—55 nm for BiFeO3 
and 10—15 nm for BiCo0.1Fe0.90O3. Doping of BiFeO3 
with cobalt leads to a considerable increase of the specifi c 

Table 4. Magnetic characteristics of BiFeO3, BiCo0.10Fe0.90O3, and BiCo0.15Fe0.85O3 
samples, measured at temperatures of 300 and 100 K

Sample  T/K  Specifi c  Residual  Magnetic 
   magnetization  magnetization  susceptibility/kg–1

  А m2 kg–1 

BiFeO3 300 11.3 0.1 4230
 100 18.2 0.6 6785
BiCo0.10Fe0.90O3 300 39.5 0.2 8414
 100 61.2 1.5 13050
BiCo0.15Fe0.85O3 300 33.2 0.3 8420
 100 58.6 2.3 14870
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Fig. 6. Temperature dependence of the magnetization of BiFeO3 (1), 
BiCo0.1Fe0.90O3 (2), and BiCo0.15Fe0.85O3 (3) samples. 
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magnetization of the samples in comparison with undoped 
bismuth ferrite. These materials can be promising catalysts 
for semiconductor oxidation processes, modifying their 
properties, with the possibility of controlling their param-
eters using a magnetic fi eld. 

The research results were partially obtained on the 
equipment of The Collective Use Center of Voronezh State 
University; URL: http://ckp.vsu.ru. 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 18-03-
00354a). 
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