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The effect of mechanochemical activation on the formation of a cobalt ferrite phase from iron and cobalt oxa-
lates was studied. X-ray phase, x-ray diffraction, and simultaneous thermal analysis, scanning electron mi-
croscopy, and the low-temperature nitrogen adsorption-desorption method were used to study the composition
and properties of the resulting product. It was established that on solid-phase interaction of the initial compo-
nents cobalt ferrite is formed at 1100°C. Preliminary mechanochemical activation of the initial components in
a roll-ring vibratory mill makes it possible to reduce the temperature of cobalt ferrite synthesis to 400°C. The
properties of cobalt ferrite can be improved by lowering its synthesis temperature. It is shown that CoFe,O,
obtained by the mechanochemical method of synthesis has a more developed specific surface area and porous
structure compared to cobalt ferrite obtained by solid-phase interaction of the initial components without pre-
treatment.
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INTRODUCTION

Cobalt ferrite draws the attention of many researchers, as
it has a set of unique properties allowing it to be used in dif-
ferent industries. Cobalt ferrite nanoparticles are widely used
as magnetic materials [1, 2], biosensors [1], ferromagnetic
liquids [1, 2], catalysts, and photocatalysts [1, 2].

It is well known that materials used in different indus-
tries must have different properties. Ferrites used as catalysts
should have a large surface area and a developed porous
structure as well as the necessary set of structural and me-
chanical properties. The method by which it is obtained
makes a large contribution to the properties of the final pro-
duct. Different methods are used to synthesize cobalt ferrite:
solid-phase synthesis [1, 2], coprecipitation [1], hydrother-
mal [1, 2], and sol-gel [3, 4] as well as the Massart method
[1] and microwave synthesis [1, 2]. These methods have a
number of disadvantages, for example, solid-phase synthesis
requires high temperatures and prolonged calcination, so that
the product cannot be obtained in a highly dispersed state.
Methods based on the production of ferrites from salt solu-
tions are very laborious, multistage, and require strict control
of process parameters (temperature, pH, and others. In addi-
tion, in the course of their implementation a large amount of
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wastewater is generated, which requires disposal. These pa-
rameters make a large contribution to the properties and cost
of the final product. Most of these shortcomings can be eli-
minated by using mechanochemical synthesis. The main ad-
vantages of this method are ease of implementation and the
possibility of obtaining a large amount of nanostructured
powders in a short period of time [1, 2].

Quite many works [3 — 7] are devoted to the issues of
mechanochemical synthesis of ferrites; intense research has
persisted in recent years. The authors of [8] propose to syn-
thesize cobalt ferrite nanoparticles in two stages: coprecipi-
tation and mechanochemical comminution of coprecipitation
precursors. A similar method was used in [9] to obtain
Cu—Co ferrites. In [10] it is proposed to obtain cobalt ferrite,
deposited on a SiO, base, by joint mechanical activation and
subsequent heat treatment of the system 6Fe,0;—2Co050,-Si.
In [11] it is proposed to obtain CoFe,O, by mechanical
grinding of pre-prepared layered double cobalt hydroxocar-
bonate CoFe,(OH),(COs), - nH,0. The use of cobalt hydrox-
ide Co(OH), and iron oxalate FeC,0,, - H,O as precursors
for the mechanochemical synthesis of cobalt ferrite is pro-
posed in [11].

Analyzing the work on producing highly dispersed co-
balt ferrites under nonequilibrium conditions, it can be con-
cluded that the use of mechanochemical synthesis has a posi-
tive effect on the conditions for the formation of crystalline
cobalt ferrite as well as its properties.
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As noted earlier, ferrites are widely used in catalysis.
They are catalysts for a number of processes, such as cata-
Iytic oxidation of chlorobenzene [6], decomposition of cyc-
lohexane [1], dehydration of ethylbenzene [1], oxidation of
alkenes [2], and others. A promising application for them is
to neutralize gaseous emissions, since ferrites can success-
fully replace catalysts containing precious metals such as
platinum, palladium, gold, and others [3].

An analysis of the published data shows [12] that cobalt
ferrite is a promising material that can find wide applica-
tions, but the fundamental data on the effect of precursors on
the formation of the crystalline phase of cobalt ferrite and its
physicochemical and catalytic properties are sparse in the lit-
erature. For this reason, the objectives of the present work
are to investigate interaction in the system CoC,0,, - H,O —
FeC,0,4, - H,O on joint mechanical activation and heat treat-
ment and to shed light on the structural and physicochemical
properties of the resulting ferrites.

EXPERIMENTAL PART

Materials. The following materials were used as
feedstock:

— cobalt oxalate CoC,0,, - H,0O; the CoC,0,, - H,0
mass fraction is equal to 99.5%, the remainder is Fe,0;, NiO,
and CuO impurities; the initial cobalt oxalate consisted
mainly of particles up to 25 pm in size;

— iron oxalate FeC,0,, - H,0; the of FeC,0,4 - H,O
mass fraction is equal to 99.0%, the remainder is Fe,0Os,
CaO, MgO, and K,O impurities; iron oxalate consisted of
particles up to 100 um in size.

Sample preparation procedure. The samples were pre-
pared by two methods:

— solid-phase synthesis, by mixing the initial compo-
nents taken in molar stoichiometric ratio to obtain cobalt fer-
rite CoFe,0,, and subsequent heat treatment in a muffle fur-
nace in the temperature range of 300 — 1100°C;

— joint mechanical activation of a mixture of iron oxa-
late and cobalt oxalate, taken in stoichiometric ratio to obtain
cobalt ferrite, for 45 min and subsequent heat treatment
of the resulting mixture in the temperature range of
300 — 450°C; machining was conducting in a VM-4 roll-ring
vibratory mill (Czech Republic); the milling chamber diame-
ter is equal to 98 mm and the total volume of the chamber
0.302 L, the oscillation frequency is equal to 930 min~! and
the amplitude 10 mm; the mass of grinding media is equal to
1194 g, the mass of the loaded material 100 g, and the mill-
ing time 45 min.

Procedures. The chemical and physical properties of the
initial and obtained components were studied by the follow-
ing methods:

— x-ray phase analysis; x-ray diffraction patterns of the
powders were obtained on a DRON-3M x-ray diffractometer
(CuKy radiation, A =0.15406 nm, Ni filter); power supply
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parameters 40 kV and 20 mA; scanning speed 2 deg/min;
initial slit 2 mm; detector slit 0.25 mm;

— thermogravimetry (TG) and differential scanning calo-
rimetry (DSC) were conducted on an STA 449 F3 Netzsch si-
multaneous thermal analyzer in an air atmosphere; the heat-
ing rate was equal to 5 K/min~;

— surface area, adsorption-desorption isotherms, and
pore size distribution data were obtained on a Sorbi-MS ana-
lyzer; the BET specific surface area was determined by
means of low-temperature nitrogen adsorption-desorption;
the adsorption-desorption isotherms were obtained by the
dynamic method of low-temperature nitrogen adsorp-
tion-desorption of nitrogen; prior to the investigation the
samples were dried in a nitrogen stream at 150°C for 60 min;

— scanning electron microscopy (SEM); the measure-
ments were conducted with a Vega 3 TESCAN microscope.

Methods of calculation. Interplanar spacing d, coherent
scattering zone (CSZ) size, and rms microstrains &€ were cal-
culated from the XRD data.

The crystalline phases in the diffraction patterns were
identified by comparing the calculated interplanar distances
with the interplanar distances given in the ASTM database.
Interplanar distances are calculated according to the Bragg
equation [2]

d= M ,
2sin ©

M

where A is the wavelength; ® = X_ /2 is the diffraction angle,
which was calculated from the position of the reflection cen-
ter of gravity [3]:

+o0
1(6)do Nl T )AG
Xc =L>07 or Xc _ Zz:l (211 + l+1) , (2)
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where / is the intensity at the diffraction angle 0 and [, is
the maximum intensity.

The size of the coherent scattering zone (CSZ) was cal-
culated using the modified Scherrer equation [4], which after
linearization has the form

Bon €0s O =1/ Dgcy +4esin O, 3)

where Dy, is the size of the coherent scattering zone; € is
the value of root-mean-square microstrains (MS); Bph is the
integral physical broadening of the x-ray profile of the sam-
ple, which was calculated using the Gaussian function [3]

B =Bin +Biets )

where [32 is the integral broadening of the x-ray profile by the
sample; B2, is the instrumental broadening. The broadening

of the x-ray profile of the standard was used as instrumental
broadening.
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TABLE 1. Size Change of Crystallites and Microstrains of Iron
Oxalate

Mechanical activation time, min

Parameter
1 15 30 45
Dgcg» A 186 177 160 108
€, % 0.26 0.41 0.65 0.82
E X/g 15 26.5 53 80

The integral broadening of the x-ray profile was calcu-
lated according to the equation [13]

; [ 1(0)040 yo T 10,
== or p="—2 . ()
[ 1(8)de DIN?

—00

The interplanar distances and the corresponding Miller
indices were used to calculate the unit cell parameters. For
the cubic system, the equation has the form [14]

1 Wi+

d* a’ .

The specific energy E was calculated by the method pro-
posed in [2]. Specific energy is only the net energy that is ap-
plied from the grinding media to the powder. This value does
not include energy losses in the various mechanical compo-
nents of the mill equipment.

RESULTS AND DISCUSSION

It was found by means of x-ray phase analysis that the
mechanical activation (MA) process is attended for
1 — 45 min by a gradual decrease in the integral intensity of
the reflections of iron oxalate phases, which indicates its
gradual amorphization. It was established that in the course
of mechanical activation oxalate crystallites decrease in size
from 195 A for the initial FeC,0, - 2H,0 and to 88 A after
45 min of MA, while the microstrains increase from 0.1 to
0.82% (Table 1). The fact that an CSZ is smaller than a crys-
tallite, since it does not include external amorphous layers of
the crystallite, and the magnitude of microstrains includes all
crystal lattice distortions caused by point (Frenkel and
Schottky defects), linear (edge and screw dislocations), and
other types of defects. Cobalt oxide reflections are not ob-
served in the x-ray pattern, which indicates that it is in the
x-ray amorphous state. Formations of new phases were not
recorded at the mechanical activation stage.

The calcination of a mixture subjected to mechanical ac-
tivation at 300°C leads to the appearance of the y-Fe,O4
phase, as evidenced by x-ray phase analysis (Fig. la ), an in-
crease in the calcination temperature to 350°C (Fig. 15 ) does
not lead to a significant change in radiographs. A subsequent
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Fig. 1. X-ray patterns of the products of mechanochemical activa-
tion of FeC,0, - 2H,0 and CoFe,0, - 2H,0 heat-treated at different
temperatures: ) 300°C; b) 350°C; ¢) 400°C; d ) 450°C; 1) y-Fe,03;
2) CoFe,0y.
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Fig. 2. X-ray diffraction patterns of the products of heat treatment
of a mixture of FeC,0, - 2H,0 and CoFe,0, - 2H,0, obtained at
different temperatures: a) 300°C; b) 350°C; ¢) 450°C; d) 500°C;
e) 850°C; f) 1100°C; 1) y-Fe,O3; 2) a-FeyO3; 3) Cos0y;
4) CoFe,0y.

increase in temperature to 400 —450°C leads to the appear-
ance of a set of reflections characteristic of cobalt ferrite and
its subsequent crystallization (Fig. 1¢).

X-ray diffraction patterns of calcined samples obtained
by solid-phase synthesis without preliminary mechanoche-
mical treatment are displayed in Fig. 2a — d. In this case, cal-
cination at 300°C leads to the formation of an x-ray amor-
phous mixture of iron and cobalt oxides resulting from the
decomposition of iron and cobalt oxalates (Fig. 2a). Heat
treatment at 350°C leads to the appearance of reflections
characteristic of y-Fe,O5, which indicates its crystallization
(Fig. 2b). Raising the temperature to 450°C leads to the tran-
sition of the y-Fe,O5 phase to a-Fe,0; and the appearance of
a crystalline phase of cobalt oxide Co;0, (Fig. 2¢). Subse-
quent calcination at 450 — 850°C leads only to the crystalli-
zation of iron and cobalt oxides (Fig. 2d). The formation of
single-phase cobalt ferrite is noted only at 1100°C (Fig. 2b).
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The calcination process in a sample obtained by
solid-phase synthesis without preliminary mechanochemical
treatment is accompanied by six thermal effects (Fig. 3a):

I — endothermic effect occurring at temperature
130 — 215°C is associated with the removal of crystal water;

II, III — exothermic effects at temperatures 215 — 255
and 265 —295°C are due to the decomposition of iron and
cobalt oxalates, respectively, as well as simultaneously oc-
curring carbon monoxide oxidation processes:

3FeC,0, (s) + 20, — Fe,04(s) + 4CO + 2CO, (2)T; (5)

3C0C,0, () + 20, = Co,0,(s) + 4CO +2CO, (2)T; (6)

IV — exothermic thermal effect occurring at temperature
350 —410°C is due to the transition of y-Fe,O5 to a-Fe,05;

V — endothermic effect observed at 900 — 940°C is due
to the decomposition of cobalt oxide Co;0, with oxygen re-
lease:

C0,0, = 3Co0 +0,.

The TG curve of the given sample (Fig. 4a) clearly de-
picts stepped losses of mass due to the removal of crystal
water, decomposition of oxalates, and oxygen emission from
the Co;0, structure.

The mechanochemical activation of the oxalate mixture
effects a change in the shape of the DSC curve (see Fig. 3b).
The thermic effects of the decomposition of iron oxalates I'
and cobalt II' are shifted by 8 and 12°C, respectively, to-
wards lower temperatures. The TG curve also shows step-
wise weight loss but the curve is flatter. The thermic effect
IV’ at temperature 300 — 525°C is effected by ongoing pro-
cesses of crystallization of cobalt ferrite CoFe,O,. The endo-
thermic effect at 650 — 900°C is due to the emission of oxy-
gen from the CoFe,O, structure, which is additionally evi-
denced by the mass loss observed on the TG curve (see

900 T,°C
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Fig. 3. DSC and TG curves for a mixture of FeC,0, - 2H,0 and
CoFe,0, - 2H,0 without pretreatment (@) and 45 min after me-
chanical activation (b).

Fig. 3b). Evidently, on joint mechanical activation of the ini-
tial components not only their comminution and intensive
mixing occur, in the course of which the components are
ground on top of one another other, but in addition excess en-
ergy accumulates in the form of defects in the crystal struc-
ture, which helps to lower the decomposition temperature of
the initial components and the formation temperature of the
final product — cobalt ferrite.

Investigation of cobalt ferrite samples by means of scan-
ning electron microscopy (see Fig. 4a —c) shows that the
samples obtained by means of mechanochemical synthesis
consist of spherical particles 0.1 um in size, which in turn
form larger aggregates 5 — 25 pm in size (see Fig. 4a). An in-
crease in the calcination temperature effects an increase in
the size of the particles themselves as well as of the aggre-
gates formed from them (see Fig. 4b). Cobalt ferrite, ob-
tained by solid-phase interaction of the initial components
without preliminary mechanochemical activation (see
Fig. 4c¢), consists of spherical particles with a clearly defined
morphology. The particles of this sample are spherical with
size 2.5—5.0 um. The high heat treatment temperature
(1100°C) leads to the sintering of particles into larger aggre-
gates (see Fig. 4¢).

The characteristics of cobalt ferrites obtained by various
methods are summarized in Table 2.

Cobalt ferrite possesses a cubic crystal lattice in which,
according to the database, a=5b=c=28.391 A. The calcu-
lated parameters for the crystal lattice of cobalt ferrite ob-
tained by solid-phase synthesis without preliminary mechan-
ical activation at temperature 1100°C coincide with the pub-
lished data (see Table 2). Cobalt ferrite obtained by
solid-phase synthesis with preliminary mechanical activation
of the initial components has somewhat distorted crystal lat-
tice parameters (see Table 2).

It is evident that mechanical activation effects the forma-
tion of cobalt ferrite with a defective structure, which is also
evidence by calculations of root-mean-square microstrains,
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Fig. 4. SEM image of cobalt ferrite at different synthesis temperatures: a) 350°C; b) 450°C;

c) 1100°C.
whose values in the samples obtained using mechano- failure temperature of samples effects a decrease in their spe-
chemical synthesis is 2 — 3 times greater than in a sample ob- cific surface area and total pore volume (see Table 2). Fi-
tained by the customary solid-phase synthesis (see Table 2). gure 5a —c show nitrogen adsorption-desorption isotherms
Two important characteristics of catalytic systems are of samples obtained by means of mechanical activation.

their specific surface area and porosity. An increase in the These are type IV isotherms; such pores are characteristic for
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bodies containing predominantly transition pores (meso-
pores) in Dubinin’s classification, i.e. pores with diameters
tens to hundreds of angstroms.

The sample calcined at 350°C has only mesopores with
average diameter 3.5 to 29.4 nm, with 71.92% of the diame-
ters ranging from 5.9 to 14.9 nm (Fig. 5a). Raising the calci-
nation temperature of the samples to 400 — 450°C effects an
increase in the content of larger mesopores and the appea-
rance of macropores (Fig. 5b and ¢). For example, a sample
calcined at 400°C has pores with diameter 15.0 to 43.6 nm,
which diameter 57.29% of all pores have (Fig. 5b). As the
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Fig. 5. Nitrogen adsorption-desorption isotherms on cobalt
ferrite samples and corresponding pore size distributions. Heat
treatment temperature, °C: a) 300; b) 400; c¢) 450; V, ml
NDT/g — volume of desorbed gas at normal desorption tem-
perature, related to the predetermined mass of a sample.

calcination temperature increases, the specific surface area
and total pore volume decrease (see Table 2), which is asso-
ciated with gradual sintering of the samples, which results in
the coarsening of particles and the formation of larger and
tightly interconnected aggregates from them. It was estab-
lished that the sample obtained without mechanochemical
treatment has a very low specific surface area equal to
0.6 m?/g and is non-porous. This is also confirmed by SEM
images of this sample, showing that the powder particles
have a smooth surface and coalesce into dense aggregates
without pores (Fig. 5¢).

TABLE 2. Characteristics of Cobalt Ferrites Obtained by Different Methods

Production method

Index
mechanochemical solid-phase

Heat treatment method, °C 350+ 1 400+ 1 450+ 1 1100+ 5
Heat treatment time, min 300 300 300 360
Phase composition CoFe,0,
Crystal lattice parameter a, A 8.288 8.378 8.377 8.390
Sep » m2/g 78.9£0.6 342+0.1 154£0.1 0.6+0.1
Dy, A 175 264 299 310
Microstrains €, % - 0.30 0.21 0.10
Total pore volume, cm?/g 0.151 0.063 0.023 -
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CONCLUSIONS

Preliminary mechanochemical treatment of the initial
components makes it possible to lower the synthesis temper-
ature of single-phase cobalt ferrite by three-fold in compari-
son with the solid-phase interaction of the initial components
not subjected to preliminary activation. Since the formation
of new phases does not occur as a result of mechanochemical
activation, it is obvious that the main channel for the rela-
xation of the supplied energy is the accumulation of defects
in the structure of iron and cobalt oxalates, which in turn ef-
fects the intensification of their decomposition processes.
The high homogeneity of the system subjected to prelimi-
nary mechanochemical activation contributes to a more com-
plete and intense interaction of the resulting iron and cobalt
oxides, which can also be the reason for lowering the synthe-
sis temperature of the final product. Cobalt ferrite obtained
by means of mechanochemical synthesis has a more deve-
loped specific surface and porous structure, which is ex-
plained by its milder conditions of synthesis.

This work was performed within the framework of the
State mission for the implementation of R&D and with the
support of a President of the Russian Federation scholar-
ship. Topics No. FZZW-2020-0010 and No. 15493GU/2020.
The research was performed using the resources of the Cen-
ter for the Collective Use of Scientific Equipment of the
ISUCT (with the support of the Russian Ministry of Educa-
tion and Science, agreement No. 075-15-2021-671).
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