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Synthesis of Transition Metal Ferrites (Co, Cu, Ni, Mn) by the Sol-Gel Method
with Combustion and the Use of Microwave Processing

This review considers recent work on the synthesis of transition metal ferrites (Co, Cu, Ni, Mn) by sol-gel
method with combustion, as well as the effect of microwave radiation. Ferrites are interesting not only for
magnetic and optical properties, but also for their catalytic ones. In recent years, there has been an increasing
amount of literature, which investigates the catalytic properties of transition metal ferrites in various reac-
tions, including oxidative reactions. Given the fact that various organic components are used as complexing
agents and as a fuel in the sol-gel method with combustion, the review considers the influence of the organic
reagent nature, its ratio to precursors, the pH of the medium, the power and time of microwave exposure to
the process of ferrite formation as factors influencing the size of formed particles and their textural character-
istics, which are of great importance in the catalysis. Recently, the attention of chemists working in the field
of catalysis has been attracted by studies of the effect of physical fields, to which the microwave field be-
longs, on various chemical processes, including the nanocatalysts synthesis. The use of microwave radiation
in sol-gel synthesis of ferrite allows obtaining nanoferrites with high specific surface area. From this point of
view, this paper considers the works of recent years devoted to the study of microwave sol-gel synthesis of
ferrite.

Keywords: ferrites, sol-gel method with combustion, complexing agents, microwave technology, microwave
power, dispersion, texture, specific surface area, particle size.
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FESEM — Field Emission Scanning Electron Microscopy
TEM — Transmission electron microscopy

SEM — Scanning electron microscope

EDS — Energy Dispersive X-Ray Spectroscopy

FTIR — Fourier transform infrared spectroscopy

TGA — Thermogravimetric analysis

DTA — Differential Thermal Analysis

BET — Brunauer-Emmett-Teller surface area analysis

Review Plan

Inclusion and exclusion criteria: The present review considers recent works on the synthesis of transi-
tion metal ferrites (Co, Cu, Ni, Mn), which are characterized by a wide range of applications, the sol-gel
method with combustion, as well as the exposure to microwave radiation.

The review data are based on scientific publications of recent 7 years.

The review considers articles from the Scopus, Web of Science, Google Scholar databases.

The keywords used for the search are the “sol-gel method with combustion”, “copper, cobalt, nickel,
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manganese ferrites”, “microwave technology” and “texture”. Statistical methods were not used in the review.
Introduction

It should be noted that ferrite materials, which have special magnetic properties and combine high mag-
netization with the characteristics of semiconductors and dielectrics, are widely used in magnetic, electronic,
and microwave devices [1-7]. In addition to their promising magnetic properties, ferrites have catalytic
properties [1, 8-12]. Oxides, salts and hydroxides of appropriate metals are usually starting materials for
producing ferrites. There are various ways to obtain ferrites, namely co-precipitation, thermal decomposition
of salts, sol-gel method, ceramic, burning solutions in a high-temperature stream, plasma-chemical. To date,
the sol-gel method has become widespread among the methods for obtaining highly dispersed materials, in-
cluding nanoferrites. The main advantage of this method is the high homogenization of precursors with the
production of a sol and its transformation into a gel due to hydrolysis and condensation processes, followed
by aging, drying and heat treatment.

The variation of the sol-gel method is the sol-gel with self-combustion. The process of drying and heat
treatment in this method takes place in one stage. The method includes an exothermic and self-sustaining
redox reaction of xerogel, which is obtained from an aqueous solution containing metal salts (oxidizing
agent) and an organic component (reducing agent) also known as a “fuel”. The organic component forms
complexes with metal ions that prevents precipitation of metal salts and thereby improves gelation condi-
tions. In addition to these advantages, owing to the results of the organic component combustion, a large
amount of gaseous products is formed, which prevents the solid phase crystallites from sintering. The latter
is obtained in the form of ash or a fine powder. The reaction proceeds quickly and at a sufficiently low tem-
perature. The method is quite simple enough for practical implementation and economical in terms of time
and energy consumption. Solutions can also be subjected to combustion, the so-called solution combustion.

In recent years, other than the thermal exposure, various types of radiation have also been used in the
synthesis of compounds, in particular microwave [13-16]. Microwave technology has also found application
in the synthesis of ferrites by the sol-gel method with combustion. Microwave technology is used in the syn-
thesis of ferrites by the sol-gel method with combustion at the stage of drying and combustion. The literature
data analysis shows that it is also possible to synthesize nanosized ferrites through the use of microwave ra-
diation in the sol-gel method with combustion [17-22]. The brief review of recent works presents data on the
synthesis of a number of ferrites (Co, Ni, Cu, Mn) by the sol-gel method with combustion, as well as using
microwave treatment as an initiator of the combustion reaction, i.e. carrying out the combustion stage in the
microwave field. The ferrites of these metals were chosen from the perspective of their use as catalysts. In
recent years, more and more works have appeared in the literature in which the catalytic properties of transi-
tion metal ferrites in various reactions, including oxidative ones, are studied. For example, these are follow-
ing reviews [8-10]. Previously, we carried out the microwave synthesis of these ferrites by the ceramic
method from oxides [15]. The catalytic properties of copper ferrite synthesized by the ceramic and sol-gel
method using microwave treatment were investigated by us in the oxidative conversion of carbon monoxide
[23]. So this review focuses on the following issues:
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Given the fact that various organic components are used as complexing agents and a fuel in the combus-
tion sol-gel method, an emphasis is laid on the influence of the organic reagent nature on the formation of
ferrites during combustion, as a factor affecting the size of the resulting ferrite particles and their textural
indicators, which is of great importance in catalysis.

In microwave technology, the given parameters are power and time. It is important to find out how the
time of microwave treatment affects the fineness of the formed ferrite particles when adjusted for the uncon-
trolled rise in temperature, using microwave energy in the sol-gel method with combustion.

1. Synthesis of ferrites by the sol-gel combustion method using citric acid as an organic reagent

An analysis of the literature data showed that the largest number of studies on the synthesis of both in-
dividual and mixed ferrites was carried out by the “citrate” method, i.e. using citric acid as a complexing
agent and “fuel”. That is why it became necessary to summarize them in a separate section.

The process essence is the reaction of hydrolysis and condensation of precursors, which are metal ni-
trates and citric acid, resulting in the formation of gel, upon further drying of which it passes into xerogel,
followed by its spontaneous combustion and the formation of ferrite during combustion.

The synthesis procedure is as follows: a stoichiometric amount of metal nitrates is dissolved in a small
amount of deionized water with stirring and a temperature of 80-90 °C. The pH of the medium is adjusted to
7 with an ammonia solution and the solution is slowly evaporated until a viscous gel is formed which self-
ignites and burns to form a loose bulk powder.

3Me(N03)2 + 6Fe(N03)3 + 2CeHgO7 = 3MeFe, 04+ 12N, + 12C0O, + 8H,0

There were also considered works in which the ferrites synthesis was carried out by burning the solu-
tion.

1.1. Synthesis of individual ferrites

Although the ferrites formation at lower temperatures is one of the important advantages of the combus-
tion sol-gel method, in many studies, the powders obtained after gel combustion are additionally annealed at
higher temperatures. These are mainly works in which the magnetic properties of ferrites are investigated
and where purity and high crystallinity are of great importance.

The synthesis of nanocrystalline cobalt ferrite was carried out in the works [24-26]. The powders ob-
tained after burning the gel were additionally annealed at various temperatures from 600 °C to 900 °C for 2 h
in air [24]. The particle size of the obtained ferrites strongly depends on the calcination temperature. At a
temperature of 700 °C, the size of cobalt ferrite crystallites is 25-30 nm, they look like quasi-spheres. The
crystallite sizes of the sample annealed at 900 °C are in the range of 40-50 nm, which is consistent with the
results of X-ray diffraction (XRD) method. The authors suggest that the agglomeration increases as the an-
nealing temperature increases, and some degree of agglomeration is unavoidable at higher annealing temper-
atures. The influence of the additional calcination temperature at 600, 700, and 800 °C on the structural and
magnetic properties of CoFe,O4 was also considered in [25]. The authors found that as the calcination tem-
perature increased, clearly defined sharp peaks were observed on the X-ray pattern in line with CoFe;O,4 to
indicate an increase in the ferrite crystallinity. Very pure and crystalline cobalt nanoferrite with a uniform
size distribution was also obtained in [26].

Cobalt and copper ferrites obtained by the citrate method were characterized by X-ray diffraction meth-
od, Field Emission Scanning Electron Microscopy (FESEM), Transmission electron microscopy (TEM), En-
ergy Dispersive X-Ray Spectroscopy) [6]. The average size of cobalt and copper nanoferrite crystallites was
24.7 and 37.7 nm, respectively.

The synthesis of nickel ferrite by the sol-gel method with combustion in the presence of citric acid was
described in the works [27-31]. In the work [27], a mixed solution of nitrates (Ni and Fe) and citric acid was
kept in an oven at 120 °C for 12 hours. The dried sample was ground and then annealed in a muffle furnace
at 600 °C for 2 hours and slowly cooled to room temperature. X-ray diffraction analysis confirmed the for-
mation of a cubic structure of nickel ferrite spinel. The average crystallite size was determined using the De-
bye-Scherrer formula and it was 21 and 60 nm, respectively, for the obtained samples before and after an-
nealing. SEM analysis showed that the particles were spherical.

The authors [28] obtained nanoparticles of nickel ferrite with an average size of 23 nm calculated by the
Scherrer formula.

In the work [30], the resulting powder after auto-combustion of the dried gel was also calcined at
550 °C for 4 hours for better crystallinity and purity. The average crystallite size of the prepared nickel fer-
rite sample was 22 nm.
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In the work [29], the authors revealed that the resulting nickel ferrite particles had an approximately
spherical shape and a crystal size in the range of 45-55 nm. The average grain size obtained from the TEM
image of the sample was approximately 60 nm, which was in appropriate with the size determined from the
X-ray diffraction patterns.

Nanosized spinel ferrites MFe;O4 (M = Ni, Co and Zn) were obtained in [31]. Gel ignition was ob-
served at 623 K (350 °C). The resulting powder was sintered in two stages (at 500 °C/5 h and at 700 °C/5 h).
The crystallite size (nm) for each sample was calculated from the broadening of the line of the most intense
(311) diffraction peak using the Debye-Scherrer formula. It was found that sizes of crystallites depended on
the nature of the M?* cation. The lowest nanoscale crystallite value was found for nickel ferrite (30.6 nm),
followed by zinc (34.4 nm) and cobalt (36.7 nm) ferrite.

Nickel ferrite was synthesized using various ratios of fuel (citric acid) to metal nitrate 1:1, 1:2, 1:3 and
1:4 [32]. All samples were characterized by Thermogravimetric (TG) and Differential Thermal (DT) analyz-
es. TG-DTA analysis confirmed the ferritization temperature, which varied slightly with the ratio of fuel to
metal nitrate. All samples were sintered at an average temperature of 560 °C for 4 hours. X-ray diffraction
analysis confirmed the cubic structure of the samples.

The authors [33-34] obtained copper and manganese ferrite particles with good composition uniformity
and high phase purity.

1.2. Synthesis of substituted ferrites

When adjusted for the fact that mixed ferrites which are solid solutions, have the best magnetic charac-
teristics, a promising method for their preparation is the sol-gel method with combustion. This is evidenced
by quite a lot of works in the scientific literature dealing with the production of substituted ferrites by this
method.

Consideration of these works is also important from the point of view of improving the catalytic proper-
ties of ferrites, in which atoms of other elements are introduced in a certain quantitative ratio.

A series of nanocrystalline copper-substituted cobalt-zinc ferrites C0.6Zno.4CuxFex0a4 (x = 0.2, 0.4, 0.6,
0.8, and 1.0) with a cubic spinel crystal structure were synthesized by gel auto-combustion [35]. All samples
after gel combustion were annealed at 400 °C, 600 °C, 800 °C and 1000 °C. X-ray diffraction analysis con-
firmed the formation of a cubic phase with space group Fd-3m for all nanoferrite obtained. The particles
were 25 nm in size and spherical in shape. In this work, the same particle size of ferrite samples processed at
different temperatures raises some doubts. High temperatures of heat treatment should undoubtedly lead to
particle aggregation, which is noted in most works.

In the work [36], cobalt ferrite nanoparticles with substituted transition metals (CoMFez2 xOs, M = Cr¥*,
Ni?*, Cu?" and Zn?*, x = 0.2; 0.4; 0.6; 0.8 and 1.0) were synthesized. The resulting ferrite powders were an-
nealed at 400 °C, 600 °C, 800 °C and 1000 °C for 2 hours. TEM images of CoNigsFe1604 annealed at
400 °C and 1000 °C showed that ferrite particles had nano-sizes of 20 nm to 60 nm, respectively, and spheri-
cal morphology.

The authors [37] obtained nanoparticles of ferrites CoixNixFe204 (x = 0.02, 0.04, and 0.06 M) with a
spherical shape and a particle size in the range of 26.31-31.13 nm.

Ruthenium-doped cobalt ferrite nanoparticles (CoRuxFe>—xO4; X = 0.0, 0.02, 0.06) were obtained in [38].
The average size of ferrite crystallites was 32.12 nm for CoFe;04, 17.77 nm for CoRUgo2Fe19504, and
18.45 nm for CORU0,06F61,9404.

The authors [39] synthesized polycrystalline nickel-substituted cobalt ferrites (CoixNixFe204, Where
x =0, 0.25, 0.50, 0.75, 1). From TEM images of samples after heat treatment at 700 °C for 8 h, it was found
that the nanoparticles were uniform in size, which corresponded to the average size obtained from peak
broadening in X-ray diffraction analysis. The effective diameter of ferrite powder particles was 20-25 nm.

Polycrystalline Ni-Zn ferrites with the chemical formula NigsZnosZrkCuxFe,-»Q4, with x values from
0.0 to 0.4 and 0.08 wt.%, were prepared by the sol-gel method with auto-combustion with the addition of
ethylene glycol to citric acid as an additional combustible agent (Table 1) [40].

It was determined that the size of crystals of complex ferrites NiosCoosNdxFeo«Os, obtained in the work
was 41, 37 and 35 nm for x = 0.025; 0.100 and 0.125, respectively [41].

Polycrystalline  ferrites with  chemical formulas  NiosZnosFe204,  NiosZNosEro.025F€1.97504,
Nio.5ZNo.5Ero.035F€1.96504, and NiosZnosEroesFe1ss04 were obtained in [42]. The authors described in detail all
ferrite synthesis process noting that it took less than 60 minutes from heating the sol to gelling it. And the
time between the actual ignition and the end of the reaction was less than 5 seconds. An emphasis was laid
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on the opportunity of using the combustion sol-gel method as a simple and affordable method for the synthe-
sis of complex compounds.

Table 1

The sizes of the crystallite, particle and grain of Zr and Co substituted Nio.sZnosZrkCoxFez2-2xO4

No. Dopant concentration Crystallite size, D (nm) Particle size, (nm) Grain size, (um)
1 0.0 9.1121 15.5051 2.3137
2 0.08 10.9423 21.7809 3.043
3 0.16 10.2774 15.364 2.7436
4 0.24 10.1211 9.6893 2.6048
5 0.32 10.1474 4.1924 2.4618
6 0.4 10.3397 19.0597 2.2952

The average particle size of nickel-chromium ferrites with the general formula NiCrxFe>,O4 (x = 0.0;
0.1; 0.2; 0.3; 0.4 and 0.5) was calculated using the Scherrer formula from the data on the broadening of dif-
fraction peaks and amounted to 23-43 nm [43].

The authors [44] developed a method for obtaining solid solutions based on nickel-zinc ferrite of the
general composition Nig.7sZno2sFe2xLaxO4 (LN = Nd, Gd, Lu, Yb). Citric acid was taken in a ratio of 1:1 for
trivalent elements and 3:2 for divalent ones. A solution of nitrates and citric acid was evaporated to a jelly-
like state at a temperature of 700 °C for 1 hour. Then the temperature was raised to the start of a self-
developing process (T = 100 °C). The resulting powder was annealed at 700 °C until the remains of the or-
ganic phase were removed. The resulting reaction products were loose agglomerates consisting of nanoparti-
cles. At an annealing temperature of samples up to 900 °C, coarsening of agglomerates and sintering of par-
ticles were observed. The average crystallite size for all synthesized compounds was 80—-90 nm.

Samples of nickel-aluminum ferrites of the chemical composition NiFe,xAlxOs were obtained in [45].
Drying of the xerogel was carried out in air at a temperature of 120-130 °C. Upon complete drying, sponta-
neous combustion of the porous xerogel occurred. The average particle size found from X-ray diffraction
studies was 20-60 nm.

2. Synthesis of ferrites using various organic reagents

In addition to citric acid, the sol-gel combustion method uses such organic compounds that are easily
oxidized and do not contaminate the resulting product, namely glycine, urea, ethylene glycol, polyvinyl al-
cohol.

In the work [46] nanoparticles of cobalt ferrite CoFe,O4 with a spinel structure were synthesized by the
sol-gel method with auto-combustion using three different types of fuel (ethylene glycol, glycine and urea).
The formation of a pure phase of cobalt ferrite with a cubic spinel structure was observed in X-ray diffrac-
tion patterns for all samples. The average crystallite size, lattice parameters and other structural parameters
were calculated from XRD data. The experimental results showed that the average crystallite size of the pre-
pared samples ranged from 15 to 22 nm. A lower average particle size of 15 nm was noted with urea as a
fuel. The average grain size turned out to be in the range of 65-86 nm.

The influence of the ratio of fuel (glycine) to metal nitrates was considered in the work [47] when ob-
taining cobalt ferrite by the sol-gel method with combustion. The particle size of pure phase cobalt ferrite
nanoparticles was found to be < 40 nm.

The authors of [48] synthesized cobalt ferrite (CoFe,04) nanoparticles using several different methods:
combustion, co-precipitation and precipitation. The average particle size obtained by combustion with gly-
cine was 69.5 nm, by co-precipitation it was 49.5 nm and by precipitation it was 34.7 nm.

Ethylene glycol as a complexing agent and fuel was used to obtain copper ferrite in the work [49].

Magnesium-cobalt spinels (CoxMg: xFe204: x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were synthesized by the
combustion sol-gel method using urea [50] as a fuel. The results showed that the final products were a cubic
spinel phase with spherical nanoparticle morphology.

In our work [51], the copper ferrite was obtained using various organic reagents. It revealed that the av-
erage size of ferrite crystallites obtained using urea was in the range of 15-19 nm, with citric acid — 20—
23 nm and with glycine — 29-32 nm. Dynamic light scattering (DLS) measurements of isopropyl disper-
sions of ferrite samples synthesized using citric acid, glycine and urea were also carried out. Before DLS
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measurements, the dispersions with the studied samples were subjected to ultrasonic (US) treatment. Ultra-
sound treatment was carried out for 10, 20 and 60 min. The results showed that the spectral pattern signifi-
cantly depended on the processing time of the dispersions. The average particle size of the synthesized sam-
ples in isopropyl alcohol dispersions subjected to ultrasonic treatment for 20 minutes ranged from 381 to
447 nm. Large values of the distribution width indicated that the dispersion contained aggregates of particles
of different sizes. These values were much larger than the average crystallite size determined by X-ray dif-
fractometry. Most likely, the studied dispersions contained aggregates that were not destroyed by ultrasonic
treatment. After 60 minutes of sonication, the particle size decreased and fluctuated in the range of 123—
153 nm.

The racemic mixture of the right (d) and left (1) forms of alpha-alanine was used in the work [52] for the
synthesis of highly crystalline cobalt nanoferrite. The synthesized samples were annealed at two different
temperatures, namely 500 °C and 800 °C for 2 hours to study the effect of temperature on crystallite size,
phase purity and thermal stability. The formation of single-phase spinel nanoparticles was observed both in
the initial state and in the annealed state. The size of cobalt ferrite nanoparticles after gel combustion was
37.8 nm, after sample annealing at 500 and 800 °C, 38.8 and 43.7 nm, respectively.

The effect of the ratio of glycine to oxidizing agent (metal nitrates) on the structural, morphological,
and magnetic properties of CoosMgo2Fe.04 was studied in [53]. Samples were prepared with stoichiometric
fuel content to nitrates (G/N=1.48), lean fuel content (G/N=0.74) and high fuel content (G/N=2.22). After
ignition at 180 °C and auto-combustion, the resulting powders were annealed at 600 °C for 2 hours. It was
found that the crystallite size and the crystallinity of the spinel phase increased as G/N ratio increased
(Table 2).

Table 2

Effect of heat treatment and fuel-to-oxidizer ratio (G/N)
on the crystallite size nanoparticles (a) auto-combusted, (b) annealed at 600 °C

No. Fuel Crystallite size, D (nm)
1 |2.22 (fuel rich) 50 (a) 62 (b)
2 |1.48 (stoichiometry) 46 (a) 54 (b)
3 ]0.74 (fuel lean) 43 (a) 49 (b)

In the work [54] for the synthesis of Yo..CoFe1 504, citric acid and polyvinyl alcohol were used as a fuel.
The average crystal size of the synthesized ferrite was in the range of 20—70 nm.

Ferrospinels of CuFe;04, MgFe20s, NigsCoosFe,04 composition were obtained using polyvinyl alcohol
[55] as a fuel. Manganese ferrite was also obtained by the sol-gel method with the participation of polyvinyl
alcohol [56].

As noted above, when synthesizing the compounds by the sol-gel combustion method, it is also possible
to combust the solution. Therefore, works devoted to the production of ferrites by the solution combustion
method are of interest [57-59].

Nanoparticles CoFe;0s, CoFe1gsBioos504, CoFe19Bio104 and CuosCoosFersBio 104 were prepared by
burning a solution using glycine as a fuel [57]. Aqueous solutions of the calculated amounts of precursors
and fuel, after stirring on a magnetic stirrer, were placed in an oven at 500 °C for 5 minutes.

Nanoparticles Coi_yCuyFe, xCexOs (x =0,y =0), (x=0.05,y=0), (x=0,y =0.5) and (x = 0.05,y = 0.5)
were also synthesized by burning a solution of metal nitrates and glycine in a preheated furnace at 350 °C for
5-7 min, after which they were sintered at 700 and 900 °C for 2 h [58].

Especially, there is a need to note the work [59], which studied the influence of the “fuel” concentration
on the composition, structure and size of crystallites in the synthesis of cobalt ferrite by solution combustion.
Glycine was used as a fuel, cobalt and iron nitrates were used as precursors. The solution of precursors and
glycine was placed in an electric oven (400 °C) until complete combustion (approximately 15 minutes) was
formed. Three syntheses were carried out with different fuel concentrations, namely low, stoichiometric and
high ones. The authors concluded that higher concentrations of glycine led to the formation of secondary
phases of cobalt oxide. The sample with low fuel concentration was the only one in which a pure nanosized
CoFe;0,4 phase was formed. Synthesis with an increased concentration of fuel led to rapid ignition and in-
tense combustion during the reaction. With an excess of fuel, oxygen from the atmosphere was required to
complete the reaction. This excess of oxygen could cause the formation of secondary oxide phases in addi-

CHEMISTRY Series. Ne 4(108)/2022 123



S.M. Zulfugarova, G.R. Azimova et al.

tion to the primary cobalt ferrite phase. Sizes of crystallites were calculated using the Scherrer equation for
various concentrations of glycine: 23.58 nm for low (smallest size among all samples), 31.14 nm for stoichi-
ometric and 33.16 nm for high concentrations.

Thus, by varying the concentration of “fuel”, it is possible to attain both a pure ferrite phase and com-
plex systems consisting of ferrite and oxide phases. The second variant is most interesting for the heteroge-
neous catalysis. During the combustion of both the sol and the gel, as a result of an exothermic reaction, var-
ious physicochemical transformations occur, namely melting, chemical reaction, diffusion, which affect the
formation of the composition and structure and result in various defects. At present, the phenomenon of
growth in the catalytic and adsorption activity of solids with a defective surface in comparison with the struc-
ture of a perfect crystal is considered an established fact [60]. Therefore, using various organic reagents and
their concentrations in the combustion sol-gel method, it is possible to obtain not only highly crystalline fer-
rites, but also solid solutions of complex composition and defect structure, which are promising materials for
the heterogeneous catalysis.

3. Synthesis of ferrites by the sol-gel method with combustion in “green chemistry”.

In recent years, works have appeared on the synthesis of ferrites by the sol-gel method with combus-
tion, which belong to “green chemistry”. According to these works, extracts of various plants are used as an
organic reagent and “fuel”. An example is the work [61], in which photocatalysts based on magnesium-
doped nickel ferrite were synthesized by the sol-gel method using an extract from aloe A.Vera as a chelating
agent, reducing agent and natural template. Stoichiometric amounts of nickel nitrate and iron nitrate were
mixed with M3*/M?* in a molar ratio of 2:1, then a solution containing A.Vera extract and the calculated
amount of magnesium nitrate was added dropwise. The mixture was continuously stirred for 1 hour at 80 °C
until a gel formed. The resulting viscous gel was again heated to dry in an autoclave at 200 °C until auto-
ignition started. Finally, the resulting NiFe.O4:Mg?* (1 mol.%) nanoparticles were calcined at 350 °C for 1 h.
Cottage cheese was used as a fuel for the synthesis of cobalt ferrite with different contents of Zn?* and
the general formula [Zn«Co1xFe204 (x = 0.0, 0.2, 0.4 and 0.6) the ZCF] [62]. Solutions of metal nitrates and
cottage cheese were continuously stirred for 30 min until a homogeneous mixture was obtained. The mixture
was placed for 5 minutes in a muffle furnace heated to 500 °C. The resulting powder was calcined at 650 °C
for about 5 hours.
A comparison of 2 methods for obtaining nickel ferrite nanoparticles, namely using citric acid and clove
extract as a fuel was carried out in the work [63]. The structural properties of the resulting nickel ferrites
were characterized by X-ray diffraction analysis, which revealed the cubic structure of the spinel. The aver-
age crystallite size was 24 nm and 26 nm for nanoparticles NiFe,O, obtained respectively through the use of
clove extract and citric acid.
The use of environmentally friendly, non-toxic natural materials in the sol-gel method with combustion
expands the opportunity of using it for the synthesis of complex compounds, including ferrites.
From the analysis of the literature data presented above on the synthesis of transition metal ferrites by
the sol-gel method with combustion, the following conclusions can be drawn:
— Regardless of the complexing agent nature, the formation of a cubic spinel structure is observed in the
X-ray diffraction patterns for all samples;

— Method makes it possible to obtain ferrite nano-powders with a crystallite size in the range of 20—
60 nm. Moreover, the average crystallite size of particles increases with an increase in the calcination
temperature of the nanopowders obtained after combustion.

— Use of higher (superstoichiometric) concentrations of the complexing agent makes it possible to form

the secondary phases.

— Ferritization temperature varies slightly with the ratio of fuel to metal nitrate.

In most of the considered works, the structure and magnetic properties of the synthesized nanoferrites
are mainly studied, which are of interest to physicists, since ferrites are used mainly as magnetic materials in
radio engineering, electronics, automation and computer technology. Substances in the nanocrystalline state
exhibit special magnetic and optical properties, which are not characteristic of bulk materials.

The determination only of nanosizes of ferrites can be sufficient when studying their magnetic proper-
ties; however, ferrites are also used in catalysis, where textural indicators play an important role, namely,
specific surface area, pore volume, and pore radius. Therefore, the study of these parameters is extremely
important in the study of the catalysts activity. This caused the need to highlight the works in which the tex-
ture characteristics of ferrites synthesized by the sol-gel method with combustion were studied, as well as
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their dependence on the type of organic reagent, on the ratio of fuel to metals, since during the combustion of
various types of “fuel”, different amounts of gases were released, which actually “loosen” the resulting mass
of ferrite that also affected the texture of ferrites.

4. Textural parameters of ferrites synthesized by the sol-gel method with combustion

In the work [64], Ni, Co, Mn, Mg, and Zn ferrites were synthesized by the gel combustion method with
the participation of glycine. The sizes of the synthesized ferrite nanoparticles were determined, as well as
their specific surface area (Table 3).

Table 3

Seet — specific surface area, average crystallite size, D

No. Sample S, m?/g D, nm
1 NiFe;04 72.0 20.5
2 CoFe 04 15.4 20.4
3 MnFe 04 54.4 5.8

Nickel ferrite had the largest specific surface area (72 m?/g) among Ni, Co, Mn ferrites obtained using
glycine as an organic reagent, followed by manganese ferrite with a specific surface area of 54.4 m?g and
cobalt 15.4 m?/g.

Metal-substituted cobalt ferrite nanoparticles with the composition MxCo1xFe204 (M = Zn, Cu, Mn;
x=0.0; 0.25; 0.5 and 0.75)] were synthesized by the citrate sol-gel method in [65]. The specific surface of
the samples was in the range from 37.99 to 107.05 m?%g, ZnosCoosFe,O4 nanoparticles had an average pore
radius of 1.84 nm and a pore volume of 0.136 ml/g.

In the work [66], ferrites of the composition CuosNiosFe,O4 were prepared using various ratios between
citric acid and metal ions. A number of secondary phases (Cu, Cu-Ni alloy and hematite) were found in the
obtained samples. An optimal ratio of citric acid to the sum of metal ions was experimentally established, at
which the resulting ferrite samples were characterized by the largest surface area. The sample synthesized at
the maximum ratio of citric acid to metal ions (3:1) was characterized by the smallest size of ferrite crystal-
lites (9.65 nm) and a larger surface area (92 m?/g).

The specific surface area of Ni-Zn-ferrite obtained by various “fuels” (citric acid, carbohydrazide and
glycine) ranged from 12-41 m?/g [67].

Nickel ferrite powders of the composition NiFe,O4 with a crystal size of 18.00 nm and a high specific
surface area of 55.21 m?/g were obtained by a combustion reaction using urea as a fuel [68].

The effect of pH and metal concentration on the textural characteristics of the formed cobalt ferrite na-
noparticles was considered in [69]. Xerogels obtained from solutions with different pH values (<1, 3, 7, and
10) of precursors showed different combustion behavior. Except for pH (<1), all xerogels quickly ignited
with the formation of a large amount of gases: combustion began in the hottest zones of the crucible and
spread from bottom to top, as in a volcanic eruption.

The reaction was over in 10-30 seconds with the formation of a dark gray three-dimensional structure
resembling a branched tree. Table 4 lists the synthesis conditions, nanoparticle sizes and specific surface area
of the cobalt ferrite synthesized.

Table 4

Preparation parameters, BET surface area, XRD and BET average particle sizes of the sample

Preparation parameters
Metal BET surface area | XRD average particle | BET average particle
No. | Sample . 2 . -
pH value concentration (m?/g) size (nm) size (nm)
(mol LY
1 A 7 0.1 38.6 24 29
2 B 7 0.2 37.9 26 30
3 C 7 0.3 31.2 28 36
4 D <1 0.1 6.2 16 185
5 E 3 0.1 19.0 21 60
6 F 10 0.1 35.8 30 32
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As can be seen from the Table 4, the specific surface area of nanoparticles formed from acidic solutions
(samples D and E) was less than that of particles formed from neutral and alkaline solutions; they were also
different in particle size.

Spinels MeFe;Os, in which the divalent cations Cu, Ni, Zn and Cd were synthesized by the sol-gel
method with the participation of a 10 % solution of polyvinyl alcohol with a molecular weight of 145000 as a
“fuel”, were obtained [70]. The size of the obtained nanoparticles was 33-52 nm. The texture parameters are
presented in Table 5 below.

Table 5
Powder characteristics of MeFe2O4 ferrites
Sample Average agglomerat, size (nm) | Specific surface area, Sger (M?/g) Pore volume, cc/g
CuFe04 550 1.48 0.002
NiFe,04 500 3.86 0.0059
CoFe04 350 3.26 0.0048

In the work [71] there was established the specific surface area of ferrites synthesized by the sol-gel
method with auto-combustion using various organic reagents (Table 6).

Table 6

Specific surface area of ferrites synthesized by the sol-gel method with various organic reagents

No. Ferrite B Specific surface.area, m?/g
citric acid glycine urea
1 CuFe;04 18 4 25.5
2 CoFe;04 12 11.7 35.3
3 NiFe 04 6.2 7.8 34.3
4 MnFe;04 36.5 15 32.9

As can be seen from Table 6, the ferrites obtained by the sol-gel method during the combustion with
urea have the largest specific surface and the smallest — with glycine. When burning with citric acid, the
final product is more voluminous and branched; the process does not last long. With glycine, the combustion
occurs in the form of a flash and rapid combustion. With urea, the process takes longer with the release of a
large amount of gaseous substances.

The above few works on the determination of the specific surface area of transition metal ferrites ob-
tained by the sol-gel method with combustion involving various organic components make it possible to
conclude that the nature of the organic reagent affects the specific surface area of the synthesized ferrites. It
varies from a few square meters per gram to tens of square meters per gram. The different nature of combus-
tion leads to the formation of different surface morphology and texture, which ultimately can affect the cata-
lytic activity.

5. Synthesis of ferrites by the sol-gel method with microwave combustion

During the synthesis of ferrites by the sol-gel method with combustion, microwave technology, as noted
above, is used at the stage of drying and combustion. In a microwave oven, the parameters to be set are pow-
er and time. These parameters, along with the nature of the organic reagent, determine the surface morpholo-
gy, texture, and fineness of the resulting ferrites.

In [72], the synthesis of cobalt ferrite doped with nickel was carried out using the method of microwave
combustion of a solution using metal nitrates and urea as a reducing agent. Metal salts were dissolved in wa-
ter; urea was added and homogenized on a magnetic stirrer. The combustion reaction was carried out in a
domestic microwave oven at its maximum value for 5 minutes. The solution first boiled, then it dehydrated,
then decomposed with the release of a large amount of gas and then spontaneous combustion occurred with
the release of a large amount of heat and the formation of a free-flowing powder.

Cobalt ferrite was obtained by burning solutions of metal nitrates (precursors) and glycine and ammo-
nium nitrate as organic promoters in a household microwave oven at a power of 900 W for 30 min [73].

Nickel ferrite nanoparticles were obtained by microwave combustion of a solution containing nickel,
iron nitrates and trisodium citrate (NasCsHsO-) and finally, the sodium salt of citric acid [74]. The mixture
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was placed in a microwave oven and irradiated for 30 minutes. The resulting mass was then ground into
powder.

Nickel-magnesium ferrites were obtained with the participation of urea as a “fuel” and microwave
treatment for 10 minutes at a magnetron power of 850 W [75].

Nickel ferrite was prepared by the sol-gel method from solutions of nickel and iron nitrate with the ad-
dition of citric acid and ammonia, evaporation at 100°C, followed by ignition and the formation of a free-
flowing powder, which was further subjected to microwave treatment [76].

In [77], the effect of an organic reagent on the synthesis of NiFe>O4 nanoparticles by combustion using
microwave radiation was studied; urea, glycine, and citric acid were used as fuel reagents. The synthesized
nanoparticles were characterized by X-ray diffraction, scanning electron microscopy, Brunauer-Emmett-
Teller (BET) surface area. The authors found that the type of fuel affects the surface properties of nanoparti-
cles. According to the results of X-ray diffraction analysis, the highest crystallinity was observed in nanopar-
ticles synthesized with glycine, while nanoparticles prepared with urea had the highest surface area. The
SEM micrographs showed that all nanoparticles had nanocrystalline behavior and the particles were cubic in
shape. In the same work, nickel ferrite was also obtained by the “dry” method as a result of an exothermic
reaction of a mixture of metal nitrates and urea. This method did not use water or any other solvent. Rea-
gents, namely nitrates of nickel and iron, as well as urea were mixed in certain stoichiometric ratios. Owing
to the crystallization water of metal nitrates, a thick mixture was formed. This mixture was placed in a labor-
atory type microwave oven at a maximum power of 800 W for 10 minutes. When the mixture reached the
point of spontaneous combustion, it began to burn, releasing gas and heat, and the sample instantly became
solid.

In [78], nickel-cobalt ferrite NixCoxFe,O4 was obtained by mixing solutions of nitrates and urea, heating
to 100 °C, and microwave treatment for 10 minutes until combustion.

Flash synthesis of NiFe,O. nanoparticles with a particle size close to 4-5 nm and a high specific surface
area (about 240 m?/g) was carried out using a RAMO autoclave microwave heater developed by the au-
thors [79].

The microwave combustion method was used to synthesize nanocrystalline Zn.Nii_xFe.O, from a stoi-
chiometric mixture of the appropriate metal nitrates and urea powders [80]. The resulting ferrite had a high-
purity spinel structure with a calculated crystallite size of ~20 nm.

The paper [81] reported on the synthesis of Zng7Nio3sFe204 nanoparticles using a microwave combus-
tion method using urea as a fuel. X-ray diffraction and FT-IR analyzes confirmed the composition and struc-
ture of the spinel ferrite. The crystallite size was estimated using X-ray diffraction (16.4 nm). The morpho-
logical study of the products was carried out using TEM, which revealed the presence of spherical, spheroi-
dal and polygonal crystallite shapes.

In [82], the authors synthesized a rhombohedral nanostructure of nickel ferrite by the method of rapid
combustion with the help of microwave radiation using ethylenediaminetetraacetic acid as a chelating agent.

Spinel nanoparticles Zn;xCoxFe,O4 with different particle sizes were prepared by microwave combus-
tion with urea as a fuel [83]. Composites were prepared with the addition of cobalt in various molar ratios
(x = 0.0-0.5) to ZnFe,0O4. The obtained spinel ferrites were characterized by powder X-ray diffraction (XRD)
and the average grain size and morphology were determined by high resolution scanning electron microsco-
py (HR-SEM). The formation of a single cubic phase of spinel was confirmed by X-ray diffraction and
Rietveld analysis with an average crystallite size in the range of 43—49 nm.

Nanoparticles of copper ferrite CuFe,O, were obtained by microwave combustion using an extract of
the plant Hibiscus rosa sinensis (Chinese rose) as a fuel. X-ray diffraction and analysis by the Rietveld meth-
od confirmed the formation of a single cubic phase with a crystallite size of 25 to 62 nm due to grain growth
after calcination [84].

Copper ferrite nanoparticles were prepared using starch as a fuel. The starch solution was poured into
solutions of copper and iron nitrates with continuous stirring. The clear solution was placed in a household
microwave oven (2.45 GHz, 950 W) for 20 minutes. After the solution reached the point of spontaneous
combustion, it instantly evaporated and became solid. The obtained solids were well washed with ethanol,
dried and were designated as nanostructures of CuFe2O, obtained by microwave technology [85].

Copper ferrites were synthesized by us on the basis of the ceramic method from oxides and by the sol-
gel method using microwave treatment, following which the values of the specific surface area of the sam-
ples were determined (Table 7) [15, 23]. The specific surface area was also determined after additional mi-
crowave treatment of the ferrite powder obtained after burning the gel.
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Table 7

Values of the specific surface area of copper ferrite obtained by various methods

No. Method for synthesis of copper ferrite CuFe;04 Specific suzrface
area, m4/g
1 |“Ceramic method” from oxides of copper and iron in microwave field 0.4
2 |Sol-gel combustion method with citric acid 18
3 |Sol-gel combustion method with citric acid and additional microwave treatment 1.0
4 |Sol-gel combustion method with urea 25.4
5 |Sol-gel combustion method with urea and additional microwave treatment 2.1

It can be seen from the Table 7, additional microwave treatment of copper ferrite powder leads to a de-
crease in its specific surface area. The same is true of a sample obtained by a ceramic method in a microwave
field. When ferrites are obtained by solid-phase microwave synthesis from oxides, as a result of a very rapid
rise in temperature and a long processing time, aggregation of the resulting ferrite particles is observed

(Fig. 1)

X550 20pm  — x500 50pm
10 Sep 2011 10 Sep 2011

Figure 1. Micrographs of (a) nickel and (b) cobalt ferrite samples
obtained by the solid-phase microwave synthesis from oxides. Reprinted from [15]

A similar picture is also observed during additional microwave heat treatment of the obtained sol-gel
method with the combustion of ferrite powder. The ferrites obtained by these two microwave processing
methods are characterized by low specific surface area. Based on these experimental data, we decided to use
microwave energy to “ignite” the gel without further prolonged irradiation. This process took place even at
low magnetron values within a few seconds. Figure 2 shows photographs of the resulting copper ferrite dur-
ing the combustion of the gel in air (a) and “ignition” in a microwave oven (b). In both cases, branched, vo-
luminous structures are observed.

b

Figure 2. Samples of copper ferrite obtained by the sol-gel method with combustion (a)
and gel treatment in a microwave field. The organic reagent is citric acid. Reprinted from [87]
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From the diffraction patterns of ferrites obtained by the sol-gel method with conventional combustion
and microwave ignition, the crystallite sizes found using the Scherrer equation are quite close (30-35 nm).
The same is true of the values of their specific surface area (Table 8) [86].

Table 8

Specific surface of ferrites synthesized by the sol-gel (s-g) method with combustion

and the use of various organic reagents with conventional heating and microwave exposure (m.e)

Citric acid Glycine Urea
Sample
s-g s-g+m.e s-g s-g +m.e s-g z-g + m.e
Cu:Fe=1:2 18 14.8 4 5.4 255 22.6
CoFe=1:2 12 13.3 11.7 12 35.3 30.6
Mn:Fe =1:2 36.5 27.2 15 13.2 32.9 27.6
Ni:Fe=1:2 6.2 14 7.8 5.8 34.3 28

Microphotographs of Ni, Co, and Cu ferrite samples obtained by the sol-gel method and additional mi-
crowave treatment are shown in Figure 3. For comparison, a micrograph of a copper ferrite sample obtained
by the conventional sol-gel method is also presented. As can be seen from the photographs, additional mi-
crowave treatment of the samples intensifies the crystallization; the photographs show an increase in the
amount of ferrite nanoparticles.

. ' - —
TM3000_2572 2019/04/02 2319 NL_D5.9

a b

TM3000_3346 2022/0429  02:50 NL D7.9 10 um

c d

Figure 3. Micrographs of Ni, Co, Cu ferrite samples obtained by the sol-gel method with combustion
and additional microwave treatment (a, b, ¢) and a copper ferrite sample without microwave treatment (d),
an organic reagent is citric acid

The above-mentioned works on the sol-gel synthesis of ferrites using microwave radiation were indica-
tive that in most works the synthesis of ferrites by the sol-gel method with combustion was carried out in
ordinary household microwave ovens, in which only the magnetron power and exposure time could be con-
trolled, but not the temperature. Hence, the matter was about discrepancies in both the time of microwave
treatment from several minutes to half an hour and power from 120 to 700 watts.

A feature of the synthesis by the sol-gel method with combustion is that the beginning of the combus-
tion process is initiated by an external thermal effect, in some local volume of it an exothermic reaction be-
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gins. The heat released in this case is transferred to the neighboring layers, in which the reaction is occurred
and so the combustion is spread throughout the system. The difference between microwave exposure and
conventional thermal exposure lies in the fact that the initiation of combustion occurs simultaneously
throughout the entire volume of the system, thereby reducing the duration of the combustion process. But a
longer microwave exposure can lead to particle aggregation due to the high rate of temperature rise, which is
especially clearly observed in the ceramic synthesis of ferrites [87]. Therefore, when using microwave radia-
tion in the sol-gel method with combustion, along with the nature of the organic reagent, the power and time
of exposure to the radiation play an important role in the formation of the surface morphology, texture of
ferrites.

Conclusions

The latest studies on the production of cobalt, nickel, copper and manganese ferrites by the sol-gel
method with self-ignition and combustion in a microwave field were considered briefly. Also, the influence
of various reaction parameters, namely the organic reagent nature, its ratio to precursors, pH of the medium,
power and time of microwave exposure on the process of ferrite formation as factors affecting the size of the
formed particles and their textural characteristics were analyzed.
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Otneni meraun peppurrepinin (Co, Cu, Ni, Mn) 3041b-reqab diciMen
JKaHYbI )KOHEe MUKPOTOJKBIHBI OHIEYAi KOJIaHy apKbLIbl CHHTE3/1ey

Maxkanana etneni meraimn ¢eppurrepinin (Co, Cu, Ni, Mn) 30ib-renp oxici apKbUIbI JKaHYBI, COHIAH-aK
MHKPOTOJIKBIHIIBI ~ COyJNETICHYIIH OCEpiHeH CHHTe3[ey OOWBIHIIA COHFBI OKBUITApAarbl IKYMBICTAp
KapacTeIppiIFaH. DeppUTTep MarHUTTIK JXOHE ONTHKAIBIK KACHETTEpIMEH FaHa eMeC, COHBIMEH Karap
KaTaJIUTUKAIBIK KACHETTEPIMEH J€ KbBI3BIKTHL. OJeOHeTTepAe oTmeNi MeTaul (EeppHUTTEepiHiH opTypii
peaKkuysIapiaFbl, COHBIH IIIiHJAEC TOTHIFY pPEaKUMsIApPbIHAAFBl KaTaIMTHKAIBIK KACHETTEpi 3epTTENreH
eHOeKTep KaTapbl KeOeHin keei. 301b-TeNb 9IiCiHAe XKaHy Ke3iHe KOMIUIEKCTY3YIL1 )KOHE OTBIH PETiHE P
TYpJ1i OpraHUKaJIBIK KOMIIOHEHTTEP KOJIJIAaHBUIATBIHBIH €CKEPEe OTHIPHIN, MaKauaga OpraHUKaJbIK PeareHTTiH
TaOWFaThl, OHBIH IPEKypcopilapFa KaThIHACHI, opTaHbIH pH-Fa ocepi, ¢eppur Ty3ilmy mporeci TY3iiIreH
OeJIICKTEpIIH MOJIIepiHe dcep €TeTiH (akTopiiap peTiHAE JKOHE ONIApJbIH KaTalu3[e MAaHbI3Bl 30D
TEKCTYpaIBIK KepceTkimTepi 3eprrenreH. COHFBI KBUIIApHl KaTalW3 CaJlachblHAA JKYMBIC ICTEHTIiH
XUMHUKTEpIIH Ha3apblH MHKPOTOJKBIHIBI OpICKE KATBHICTHI (M3UKAIBIK OpICTEpAiH opTYPJi XUMUSUIBIK
MPOIIeCTePi, COHBIH IIIiHAE HAHOKATAJIHM3AaTOPJIAp CHUHTE3IHE ocepi Typaibl 3epTTeyiep ayaapyna. Onebu
ZepeKTepre ColiKec, (EeppUTTEpHiH 30Jb-T€Ib CHHTE3IHAE MHUKPOTOJIKBIHIB COYIIENEHYAl KOJIaHy
TeTepOTeH I KaTaJu3aTopJiap YIIiH ©Te MaHbI3Ibl, SFHU MEHIIIKTI OCTiHIH ayAaHbl )KOFapbl HAHOQEPPUTTEPIi
amyra MyMKiHIiK 0epeni. OCBl TYpFBIIaH ajFaH/a, MaKaiaia MEKPOTOJIKBIH/IB 30JIb-Telb CHHTE31H 3epTTEeyTe
apHaJIFaH COHFBI XKbUIJApIarbl JKYMBICTap 3epPTTEIreH.

Kinm ce30ep: dhepputTep, 30J1b-Tellb 9ICIMEH JKaHy, KOMIUICKCTY3YIII 3aTTap, MUKPOTOJIKBIHIBI TEXHOJOTHS,
YCaKTBIK, TEKCTYpa, AUCTICPCTLTIK, MEHIIIKTI O€Ti, OOIeKTep IiH MOJIIIepi.

C.M. 3ynbsdyraposa, I'.P. Azumona, 3.®. Aneckeposa, FO.H. JlutBumkos, [1.b. Tarues

Cunre3 peppurtoB nepexoanbix meraaios (Co, Cu, Ni, Mn) 30b-resib MeTO10M
C FrOpeHreM U HCI0JIb30BaAHHEM MUKPOBOJIHOBOI 00padoTKu

B 0630pe paccmoTpensl paboTHI TOCTIEAHUX JIET M0 cuHTe3y (epputoB mepexoanbix meramios (Co, Cu, Ni,
Mn) 301b-TeIb METOIOM C TOPEHHEM, a TAKKe BO3JIEHCTBHEM MHKPOBOJIHOBOTO M3iTy4deHHs. DeppuThl HHTE-
PECHBI HE TOJIBKO CBOMMH MarHHUTHBIMH M ONTHYECKMMH CBOWCTBAMH, HO M KaTaJMTHYECKUMH. B muTepatype
HOSIBJISIETCS BCe OOJiblIe PaboT, B KOTOPBIX HCCICAYIOTCS KaTaIUTHYECKUE CBOICTBA (eppHUTOB MEPEXOIHBIX
METAJUIOB B PA3JIMYHBIX PEAKIUAX, B TOM YHCJIC U OKUCIIUTEIIbHBIX. BBI/I}ly TOro, 4TO B 30JIb-T'CJIb METOJC C
TOpeHHEM B KauecTBEe KOMILIEKCOOOpa30BaTess M TOIUIMBA HCIONB3YIOT Pa3iUYHbIe OPraHUYECKHE KOMIIO-
HEHTBI, B HAaCTOALICH paboTe pacCMOTPEHO BIIMSHHE MPHUPOJIBI OPraHHYECKOr0 peareHTa, ero COOTHOLICHHS K
npexypcopam, pH cpenpl Ha nporecc o6pazoBanust GpeppUTOB Kak (GaKTOPOB, BIHUAIOLIMX HAa pa3Mep o0pasy-
OIMXCS YaCTHUII U MX TEKCTYPHBIE MMOKA3aTeNH, HMEIOLINX O0JIbIIOe 3HAUCHHE B KaTanu3e. B mocneanue ro-
JIbl BHUIMaHHE XHMHKOB, pabOTarOMINX B 00JNACTH KaTalu3a, IPHBJICKAIOT UCCIIEOBAHHS 10 H3yYEHUIO BIIHUS-
HHS (DU3HYECKHUX TI0JIeil, K KOTOPbIM OTHOCHTCS MHKPOBOJIHOBOE II0JIe, HA Pa3IMYHbIe XUMUYECKHE MPOLIec-
CBI, B TOM YHCIIe HA CHHTE3 HaHOKaTanu3aTtopoB. COTIacHO JIHTEpaTypHBIM JAHHBIM, IPUMEHEHHE MHUKPO-
BOJIHOBOTO HM3JIyY€HHS B 30JIb-TeJb CHHTE3e ()epPUTOB MO3BOJSET IMOJydYaTh HAHOQEPPHUTHI C BHICOKOU
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yIeNbHON MOBEPXHOCTBIO, YTO OUEHBb BAXKHO JUISl T€TEPOTE€HHBIX KaTaan3aTopoB. C 3TOH TOYKU 3pEeHHs aBTO-
paMu paccCMOTpPEHbI PaOOTHI MOCIEAHHX JIET, TTOCBAIIEHHBIE N3yYEHHIO MUKPOBOIHOBOTO 30JIb-T€/Ib CUHTE3A.

Knioueswie cnosa: GheppuThl, 301Ib-T€lb METOJ C TOPEHHEM, KOMIIIEKCO0Opa30BaTel, MUKPOBOIHOBAs TEX-
HOJIOTHs1, TUCIIEPCHOCTb, TEKCTYPA, YAENbHas IOBEPXHOCTb, pa3Mep YacTHll.
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