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The minimum crystallite size in a group of oxides has been analyzed as a function of their synthesis conditions, critical nucleus size and the crystal
structure parameters. Nanocrystals were synthesized by solution combustion, hydrothermal synthesis and heat treatment in air of the precipitated hy-
droxides. Aluminum and iron oxides, titania and zirconia, cobalt ferrite, AFeO3 ferrites (A = Bi, RE), Aurivillius phases Bim+1Ti3Fem−3O3m+3

(m = 3 – 9), as well as solid solutions based on these phases were chosen as the objects of the study. The presence of a correlation between the
crystalline oxide unit cell parameters and the synthesized crystals minimum size is shown. A conclusion was made about the impossibility to use
only the thermodynamic concept of the critical nucleus for determining the minimum possible particle size of a new phase in some cases of oxide
nanocrystals synthesis. The paper demonstrates a necessity to use crystal-chemical criteria that complement the methods of phenomenological
thermodynamics and kinetics for determining the minimum possible particle size of the resulting crystalline oxide phases synthesized under the
considered conditions.
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1. Introduction

Though the methods based on phenomenological thermodynamics and on macrokinetic models of phase formation
processes [1–22] are widely used for determining the minimum limit size of crystallites [1–22], these approaches
encounter a series of problems when describing the formation of nanocrystals. Some possibilities to expand these
methods are based on determining how thermodynamic model parameters, in particular, the specific surface energy,
depend on particle size [23–30]. Another possibility is to describe the features of nucleation taking into account the
presence in the reaction system of the variously shaped and sized subcritical clusters, which determine the high rate of
stable nanoparticles formation in a new phase [10,31–48]. However, these approaches do not solve all the problems of
describing nucleation processes in the case of a crystalline phase formation. For example, at certain ratios of specific
surface energy values for the new phase particles and the Gibbs energy of their formation, cases are possible when
the calculated size of the crystal critical nucleus is smaller or comparable with the size of its unit cell. Such cases are
presented, e.g., in [47]. Since the unit cell of a crystal is its minimum structural element, the translation of which builds
a crystalline particle, the above hypothetical cases cannot exist in reality, as the very principle of a crystalline body
formation will be violated. Consequently, the minimum size of the forming particles in the case of crystallite formation
should be determined not only by the thermodynamically-determined critical nuclei size, but also by other reasons.
For example, the minimum size of crystals may be related to the dependence of the crystal structure stability on the
number of the minimum building blocks in the crystal lattice, i.e., on the elementary cells that form the crystalline
particles, and also, apparently, on the crystalline particles morphology, and on the unit cell composition and structure.
Experimental determination of the crystalline particles minimum size dependence on these factors is complicated by a
number of issues. First of all, it is not always possible to calculate the values of the critical nucleus size for particular
phase formation conditions. This means that it is impossible to attribute the experimentally-obtained dimensions of
the synthesized crystal particles to a factor associated with the nucleation process, or to a factor determined by the
dependence of the forming phase crystalline structure stability on the number of unit cells contained by this crystalline
particle, and on their crystal-chemical features. On the other hand, as a rule, it is very difficult to experimentally
register the minimum possible values of the crystalline particle size due to the rapid growth of nanoscale crystals
during phase formation [49–52], which depends on the conditions of their synthesis [38, 42, 43, 46, 52–59]. Crystal
growth can be reduced by using special synthetic methods, which include, in particular, soft chemistry methods,
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when synthesis proceeds at relatively low temperatures [36–48, 52–59]. Another group of methods that includes, for
example, solution combustion, self-propagating high-temperature synthesis (SHS), autocatalytic and other fast solid-
state reactions, is based on the use of rapid synthesis [49–51, 60–71]. Crystal growth can often be restricted by using
nano- and microreactors, or synthesis methods that use spatial constraints [63, 64, 72–82].

The interest in determining the minimum possible size of crystals is determined by the possibility of creating
promising functional and structural nanomaterials based on such crystalline particles [83–87]. One such widely used
class of nanomaterials is represented by oxide nanocrystalline materials [35–58, 83–87]. At the same time, literature
offers no systematic analysis of the influence of chemical composition, features of the crystal structure, and of the
methods and conditions of the nanocrystals synthesis on the possible limit values of their size.

The listed reasons show the relevance for the problem of determining the effect of methods and synthetic con-
ditions, and of thermodynamic and crystal-chemical characteristics on the production of oxide nanocrystals with the
smallest possible size.

2. Methods

2.1. Calculations and modeling

The sizes of critical nuclei were calculated for the methods of solid phase synthesis that were used in the work,
and for the cases when it was possible to obtain information on the specific surface energy of the particles and on
thermodynamic properties of the phases required for calculating the Gibbs energy of the corresponding reactions. The
data for thermodynamic properties of the phases were taken mainly from the databases listing the thermodynamic
properties of substances [88, 89]. In some cases, when the necessary experimental information was missing, approx-
imate methods of modeling and calculating thermodynamic properties were used. The use of such calculations is
described in [47]. In order to compare the experimental and calculated data, the critical nuclei sizes were calculated
for the phase formation conditions identical to the actual conditions of nanocrystals synthesis.

2.2. Experiment

Nanocrystalline oxide particles were synthesized by three main methods, which make it possible to use the
data from [33, 35–48, 60–69, 90, 91] and obtain nanocrystals of relatively small size and narrow size distribution.
The methods of precipitated hydroxides decomposition under hydrothermal conditions and thermal treatment in air
were used as soft chemistry methods for synthesizing oxide nanocrystals. The other method for synthesizing oxide
nanocrystals was solution combustion. The conditions of nanoparticle synthesis by these methods have been previ-
ously described [33,35–48,63–66,77–80,92–94]. In some cases, the growth of nanocrystals was retarded by applying
techniques based on the organization and self-organization of spatial constraints that prevent mass transfer and, con-
sequently, the growth of nanocrystals during the synthesis [63, 72, 77–80].

Crystal sizes in the synthesized phases were determined mainly using the data on the width of the X-ray diffrac-
tion lines. The calculations were carried out mainly using the Scherrer formula and assuming the isometric form
of crystallites and narrow crystallite size distribution. The possibility of using such calculations for determining the
size of crystallites in the considered cases was based on the coincidence of the crystal size data obtained by different
methods when analyzing a number of oxide nanocrystals synthesized under the conditions similar to the considered
ones [77, 79, 95].

3. Results and discussion

Table 1 presents the calculated values of the critical nucleus size (dcr) of some oxides for different conditions of
their formation. The maximum values of the unit cells parameters (Lmax) of these crystalline phases are given for
comparison.

It should be noted that under the considered nucleation conditions, dcr exceed Lmax by almost 10-fold for the
phases based on zirconia, α-Al2O3 and γ-Al2O3, while for other compounds, this difference is less significant. For
example, in some cases of Cr2O3 formation, dcr exceeds Lmax only by 2-4-fold. The dcr values calculated for some
conditions of α-Fe2O3, γ-Fe2O3, and TiO2 (rutile) formation are comparable with those of Lmax. This result raises
great doubts about the legitimacy of using the thermodynamic approach for estimating the minimum values of the
dimensions of a stable crystalline phase, since it is impossible to imagine a crystalline phase consisting of a single unit
cell. The calculation of dcr for the TiO2 (anatase) formation yields a result that is absolutely unrealistic for crystalline
phases. In this case, dcr < Lmax (see Table 1), but the size of a crystalline particle cannot be smaller than the minimum
translation unit that forms the crystal, which is the unit cell of the crystal. An analysis of the performed calculations of
the critical nucleus size showed that in the case of crystalline phases, the dcr value cannot be regarded as an estimate
of the minimum possible size of the forming nanocrystal.
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TABLE 1. Calculated values of the critical nucleus size depending on the synthesis conditions

Substance Lmax, nm dcr, nm
Synthesis conditions

Initial substance T ,◦C / P , atm

m-ZrO2
0.531

[PDF 01-089-9066]
5 – 9 – 40

Amorphous ZrO(OH)2

250 / 1 – 100 – 600

5 – 10 300 – 200 / 700

t-ZrO2
0.527

[PDF 00-042-1164]
5 – 12 – 35 250 / 1 – 100 – 300

8 – 30 300 – 200 / 700

c-ZrO2
0.509

[PDF 01-072-2742]
8 – 45 250 / 1 – 100

10 – 40 300 – 200 / 700

TiO2-rutile 0.459
[PDF 01-089-4202]

0.44 – 0.65 – 0.8

Amorphous TiO2 · nH2O

375 – 120 – 25 / 1

0.46 – 1.0 – 0.85 575 – 120 – 25 / 1000

TiO2-anatase 0.951
[PDF 01-089-4203]

0.5 – 0.6 120 – 25 / 1

0.6 – 0.75 120 – 25 / 1000

α-Al2O3
1.299

[PDF 01-089-7717]

8 – 40
γ-AlOOH

300 – 200 / 20

5 – 35 500 – 300 / 700

18 – 50
α-AlOOH

500 – 450 / 20

30 – 75 500 – 475 / 700

γ-Al2O3
0.794

[PDF 01-076-4179]

5 – 40
γ-AlOOH

500 – 300 / 20

10 – 40 500 – 400 / 700

10 – 55 α-AlOOH 450 – 350 / 20

α-Fe2O3
1.375

[PDF 01-087-1166]
1 – 25

γ-FeOOH

500 – 100 / 1

2.5 – 15 500 – 250 / 100

γ-Fe2O3
2.501

[PDF 00-013-0458]
2 – 25 500 – 200 / 1

3 – 15 600 – 400 / 100

Cr2O3
1.359

[PDF 01-082-1484]
3 – 10

γ-CrOOH
750 – 550 / 1

5 – 20 850 – 750 / 100
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Table 2 presents the experimentally determined sizes (d) of oxide nanocrystals synthesized under different condi-
tions. An analysis of the data in Table 2 shows that d� Lmax for all the considered methods of synthesis.

Table 2: Nanocrystal sizes in some simple and complex oxides

Composition Lmax, nm d, nm

m-ZrO2 0.531 [PDF 01-089-9066] 15–25*

t-ZrO2 0.527 [PDF 00-042-1164] 10–30*; 5-10*

c-ZrO2 0.509 [PDF 01-072-2742] 4–20*(solid solutions with Y2O3)

TiO2-rutile 0.459 [PDF 01-089-4202] ∼4 [96]; ∼30 [97]; ∼10*; 68–80 [98]

TiO2-anatase 0.951 [PDF 01-089-4203]
7–45*; 5–12 [99]; 10–50 [100];
10–20 [101],5–10*; 20–27 [98]

TiO2-brookite 0.918 [PDF 03-065-2448] ∼10*; ∼50 [102]; ∼20 [103]

α-CeO2 0.539 [PDF 01-073-6318] 6–31 [104]; 6–8 [105]

α-Al2O3 1.299 [PDF 01-089-7717] 60–100*, 10 [106]

γ-Al2O3 0.794 [PDF 01-076-4179] 16–13 [107]

η-Al2O3 0.791[ICSD 28260] 5 [108]

α-Fe2O3 1.375 [PDF 01-087-1166]
∼30 (160◦C, 15 MPa, 2 h.); 11–32 [104];
13–14 [105]; 57 [109, 110]; 27–30 [41]

γ-Fe2O3 2.501 [PDF 00-013-0458] 6-8 [111]

Cr2O3 1.359 [PDF 01-082-1484] 25*

α-Y2O3 1.061 [PDF 01-089-5591] 18–20 [41]

CoFe2O4 0.839 [PDF 01-078-4451] 6–50*; 7–15*; ∼10*

BiFeO3 1.388 [PDF 01-077-9630]
20*(450◦C); ∼100*(850◦C); 71–72*(550◦C);

21–70 [112]; 23 [113]; 26 [113];
41–75 [114] ; 38 [115] ; 17 [77]

NdFeO3 0.776 [PDF 01-089-6644]

7*; 20*; 40*;75 [116]; 20 [117]; 45 – 75 [118];
42 [119]; 50 (TEM), 36.8 (XRD) [120]; 88 [121];

50 [122]; 30–50 [123]; 42±1(XRD),
44±1 (SEM) [124]; 35-45 (HRTEM), 12 (XRD) [125]

o-YFeO3 0.760 [PDF 01-089-2609]
50–70 [41]; 30–52 [126, 127];
25–35 [45, 128]; 17–40 [65]

o-LaFeO3 0.785 [PDF 01-076-7897] 16–37 [129]

o-GdFeO3 0.768 [PDF 00-047-0067] 18–36 [129]; 21–48 [130]

o-CeFeO3 0.781 [PDF 00-022-0166] 32–51 [104]

o-EuFeO3 0.769 [PDF 01-074-1475] 28–46 [132]

o-HoFeO3 0.761 [PDF 00-046-0115] 20–40 [132]

Continued on next page
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Table 2: continued from previous page

Composition Lmax, nm d, nm

h-YFeO3 1.172 [PDF 00-048-0529] 6–11 [63, 64]; 5–8 [65]

h-HoFeO3 1.172* 5–10*

Bi1−xCaxFeO3−δ (x = 0.1–0.56) — 20–40*(550◦C)

Bi1−xSrxFeO3−δ (x = 0.1–0.5) — 50±2*(550◦C)

Bi4Ti3O12 (m = 3) 3.28 [PDF 01-089-7500]
35*(450◦C); 60*(800◦C); 21 [133];
20–25 [134], 40–70 [134]; 57 [135]

Bi5FeTi3O15 (m = 4) 4.13 [PDF 00-021-0818] 30*(450◦C); 82*(800◦C); 18–80 [136]

Bi6Fe2Ti3O18 (m = 5) 4.9 [PDF 01-075-8378] 36*(450◦C); 80*(800◦C)

Bi7Fe3Ti3O21 (m = 6) 5.7 [PDF 01-075-8067] 30*(450◦C); 63*(800◦C)

Bi8Fe4Ti3O24 (m = 7) 6.5* 28*(450◦C); 57*(800◦C)

Bi9Fe5Ti3O27 (m = 8) 7.6 [PDF 00-021-0100] 30*(450◦C); 56*(800◦C)

Bi10Fe6Ti3O30 (m = 9) 8.1* 24*(450◦C); 54*(800◦C)

BixNd1−xFeO3 (x = 0.2) 0.778* 30*(600◦C)

BixNd1−xFeO3 (x = 0.4) 0.779* 40*(600◦C)

BixNd1−xFeO3 (x = 0.6) 0.781 [PDF 00-061-0719] 50*(600◦C)

BixNd1−xFeO3 (x = 0.7) 0.783* 50*(600◦C)

BixNd1−xFeO3 (x = 0.75) 0.784* 40*(600◦C)

BixNd1−xFeO3 (x = 0.8) 1.118* 40*(600◦C)

BixNd1−xFeO3 (x = 0.85) 1.266 [48] 23 [137]

BixNd1−xFeO3 (x = 0.9) 1.381 [48] 33 [137]

BixNd1−xFeO3 (x = 0.95) 1.386 [48] 50 [137]

BixNd1−xFeO3 (x = 1) 1.386 [48] 74 [137]

BixNd1−xFeO3 (x = 0.85) 0.837 [49] 19 [138]

BixNd1−xFeO3 (x = 0.9) 1.182 [49] 19 [138]

BixNd1−xFeO3 (x = 0.95) 1.373 [49] 24 [138]

BixNd1−xFeO3 (x = 1) 1.383 [49] 25 [138]

Note: *– results of the present work; conditions of nanoparticles synthesis, specifics of their composition
or the method for crystal size determination are given in parentheses.
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FIG. 1. Dependence of crystallite sizes in synthesized oxide phases (d) on the maximum value of
the crystal unit cell parameter (Lmax) 1 – dependence of the minimum crystal size on the maximum
values of the corresponding phase unit cell parameter (dcryst(Lmax)); 2 – Lmax = Lmax line

The data presented in Fig. 1 show that even the minimal experimentally-obtained values of d (straight line 1) are
approximately 3.2 nm above the Lmax values (straight line 2).

It should be noted that smaller values of d can more often be achieved in an experiment when synthesizing simple
oxides. In this case, the smallest d values for double oxides are observed, as a rule, firstly, when Lmax values for these
oxides are small, and secondly, when the chosen synthesis conditions limit the mass transfer in the reaction system
(see references in Table 2). Mass transfer limitation was achieved either by the synthesis conditions that ensure the
presence in the reaction system of structural precursors of the forming crystalline phases and low rates of components
diffusion (see, e.g., [37, 45, 77–80]), or by the formation of spatial constraints that inhibit the growth of the formed
nanocrystals (see, e.g., [48, 63–65, 72, 139]).

It can be concluded from the data in Table 2 that an increase in the temperature and duration of the synthesis in
the absence of spatial limitations in the reaction system leads to a multiple increase in the size of the crystals.

An analysis of experimental and theoretical data demonstrated limitations of the thermodynamic concept of the
critical nucleus for estimating the minimum possible size of the synthesized crystalline phases. A comparison of the
experimental values of d with the calculated dcr and with the empirical dcryst(Lmax) dependence shown in Fig. 1
(line 1), allows a conclusion that the minimum size of the synthesized crystals can be determined from the relation:

dmin = max{dcr, dcryst(Lmax)}.
The uncertain position of the dcryst(Lmax) dependence (Fig. 1) seems to be associated with a simplified rep-

resentation of this dependence as a function of only Lmax. It can be expected that, depending on the morphology
and mechanism of nanocrystals formation, the dmin values will be determined by different parameters of the crystal
unit cell. For example, the dmin value may be inconsistent with the proposed dependence in the case of the epitaxial
junction of the forming crystal with the crystal matrix. In particular, such cases are possible when the formation of
thin layers occurs through the atomic layer deposition (ALD), as was observed in [140].

4. Conclusions

The study has shown that the minimum size of the synthesized crystals can be determined by the critical nucleus
size, and also be a function of the crystal unit cell parameters. It is possible to experimentally obtain small size
nanocrystals by limiting their growth, which is determined by mass transfer. This can be effectively achieved by
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increasing the nucleation rate, or by applying soft chemistry methods for the synthesis, when the process temperature
and, therefore, the diffusion rate, are low. Also, it is possible to use synthesis methods, in which spatial constraints
(barriers) that form in reaction systems slow down the mass transfer of components to the products of reaction.
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[58] Calvache-Muñoz J., PradoJorge F.A., Rodrı́guez-Páez E. Cerium oxide nanoparticles: Synthesis, characterization and tentative mechanism

of particle formation. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2017, 529, P. 146–159.
[59] Byrappa K., Adschiri T. Hydrothermal technology for nanotechnology. Progress in crystal growth and characterization of materials, 2007,

53 (2), P. 117–166.
[60] Merzhanov A.G. SHS Process: Combustion Theory and Practice. Archivum Combustionis, 1981, 1 (1–2), P. 23–48.
[61] Merzhanov A.G. Theory and Practice of SHS: Worldwide state of the art and the newest results. Int. J. Self-Prop. High-Temp. Synth., 1993,

2 (2), P. 113–158.
[62] Mukasyan A.S., Rogachev A.S. Combustion synthesis: mechanically induced nanostructured materials. J. Mater. Sci., 2017, 52, P. 11826–

11833.
[63] Popkov V.I., Almjasheva O.V., et al. Features of nanosized YFeO3 formation under heat treatment of glycine–nitrate combustion products.

Russ. J. Inorg. Chem., 2015, 60 (10), P. 1193–1198.
[64] Popkov V.I., Almjasheva O.V., et al. Crystallization behavior and morphological features of YFeO3 nanocrystallites obtained by glycine-

nitrate combustion. Nanosystems: Physics, Chemistry, Mathematics, 2015, 6 (6), P. 866–874.
[65] Popkov V.I., Almjasheva O.V., Schmidt M.P., Gusarov V.V. Formation mechanism of nanocrystalline yttrium orthoferrite under heat treatment

of the coprecipitated hydroxides. Russ. J. Gen. Chem., 2015. 85 (6), P. 1370–1375.
[66] Lomanova N.A., Tomkovich M.V., Sokolov V.V., Gusarov V.V. Special Features of Formation of Nanocrystalline BiFeO3 via the glycine-

nitrate combustion method. Russ. J. Gen. Chem., 2016, 86 (10), P. 2256–2262.
[67] Chen Y., Yang J., et al. Synthesis YFeO3 by salt-assisted solution combustion method and its photocatalytic activity. J. Ceram. Soc. Japan.,

2014, 122 (1422), P. 146–150.
[68] Khaliullin Sh.M., Zhuravlev V.D., et al. Solution-combustion synthesis and eletroconductivity of CaZrO3. Int. J. Self-Prop. High-Temp.

Synth., 2015, 24 (2), P. 83–88.
[69] Ostroushko A.A., Russkikh O.V. Oxide material synthesis by combustion of organic-inorganic compositions. Nanosystems: Physics, Chem-

istry, Mathematics, 2017, 8 (4), P. 476–502.
[70] Boldyrev V.V. Reactivity of solids. J. of Thermal Analysis, 1993, 40 (3), P. 1041–1062.
[71] Kalinin S.V., Vertegel A.A., Oleynikov N.N., Tretyakov Y.D. Kinetics of solid state reactions with fractal reagent. J. Mater. Synth., Process,

1998, 6 (5), P. 305–309.
[72] Al’myasheva O.V., Gusarov V.V. Features of the phase formation in the nanocomposites. Russ. J. Gen. Chem., 2010, 80 (3), P. 385–390.
[73] Ashgriz N., Brocklehurst W., Talley D. Mixing mechanisms in a pair of impinging jets. J. Propul. Power., 2001, 17 (3), P. 736.
[74] Handbook of Atomization and Sprays/Ed. N. Ashgriz. Toronto: Springer Science + Business Media, LLC, 2011. Ch. 30., P. 685.



436 O. V. Almjasheva, N. A. Lomanova, V. I. Popkov, O. V. Proskurina, E. A. Tugova, V. V. Gusarov

[75] Erkoc E., Fonte C.P., et al. Numerical study of active mixing over a dynamic flow field in a T-jets mixer – Induction of resonance. Chem.
Eng. Res. Design., 2016, 106, P. 74.

[76] Ravi Kumar D.V., Prasad B.L.V., Kulkarni A.A. Impinging jet micromixer for flow synthesis of nanocrystalline MgO: Role of mix-
ing/impingement zone. Ind. Eng. Chem. Res., 2013, 52, P. 17376.

[77] Proskurina O.V., Nogovitsin I.V., et al. Formation of BiFeO3 nanoparticles using impinging jets microreactor. Russ. J. Gen. Chem., 2018,
88 (10), P. 2139–2143.

[78] Proskurina O.V., Abiev R.S., et al. Formation of nanocrystalline BiFeO3 during heat treatment of hydroxides co-precipitated in an impinging-
jets microreactor. Chemical Engineering and Processing – Process Intensification, 2019, 143, P. 107598.

[79] Proskurina O.V., Sivtsov E.V., et al. Formation of rhabdophane-structured lanthanum orthophosphate nanoparticles in an impinging-jets
microreactor and rheological properties of sols based on them. Nanosystems: Physics, Chemistry, Mathematics, 2019, 10 (2), P. 206–214.

[80] Abiev R.S., Almyasheva O.V., Izotova S.G., Gusarov V.V. Synthesis of cobalt ferrite nanoparticles by means of confined impinging-jets
reactors. J. Chem. Tech. App., 2017, 1 (1), P. 7–13.

[81] Koutzarova T., Kolev S., et al. Microstructural study and size control of iron oxide nanoparticles produced by microemulsion technique.
Phys. Stat. Sol., 3 (5), P. 1302–1307.

[82] Ganguli A.K., Ahmad T., Vaidya S., Ahmed J. Microemulsion route to the synthesis of nanoparticles. Pure Appl. Chem., 2008, 80 (11),
P. 2451–2477.

[83] Koltsov I., Kimmel G., et al. The new nano-enabled phase map of ZrO2–Al2O3. Scientific Reports, 2019, 9, P. 5540.
[84] Kovalenko A.N., Tugova E.A. Thermodynamics and kinetics of non-autonomous phases formation in nanostructured materials with variable

functional properties. Nanosystems: Physics, Chemistry, Mathematics, 2018, 9 (5), P. 641–662.
[85] Tauson V.L., Akimov V.V. Effect of crystallite size on solid state miscibility: applications to the pyrite- cattierite system. Gochimica et

Cosmocimica Acta, 1991, 55 (10), P. 2851–2859.
[86] Emerging materials for energy conversion and storage. Edited by: Cheong K.Y., Impellizzeri G., Amorim Fraga M., 2018, 418 p.
[87] Singh S., Barick K.C., Bahadur D. Functional oxide nanomaterials and nanocomposites for the removal of heavy metals and dyes. Nanomater.

nanotechnol., 2013, 3, 20:2013.
[88] NIST-JANAF Thermochemical Tables. URL: http://kinetics.nist.gov/janaf/ .
[89] Iorish V.S, Belov G.V. IVTANTHERMO/WIN – database and software for high temperature chemical processes modeling. 9th Int. Conf. on

High Temperature Materials Chemistry: Proceedings, Pennsylvania (USA), 1997. P. 42.
[90] Aruna S.T., Mukasyan A.S., Combustion synthesis and nanomaterials. Curr. Opin. Solid State Mater. Sci., 2008, 12 (3–4), P. 44–50.
[91] Gabala M.A., Al-Solami F., et al. Auto-combustion synthesis and characterization of perovskite-type LaFeO3 nanocrystals prepared via

different routes. Ceramics International, 2019, 45 (13), P. 16530–16539.
[92] Karpov O.N., Tomkovich M.V., Tugova E.A. Formation of Nd1−xBixFeO3 nanocrystals under conditions of glycine-nitrate synthesis. Russ.

J. Gen. Chem., 2018, 88 (10), P. 2128–2133.
[93] Tugova E., Yastrebov S., Karpov O., Smith R. NdFeO3 nanocrystals under glycine nitrate combustion formation. J. Cryst. Growth, 2017,

467, P. 88–92.
[94] Tugova E.A., Gusarov V.V. Structure peculiarities of nanocrystalline solid solutions in GdAlO3–GdFeO3 system. Nanosystems: Physics,

Chemistry, Mathematics, 2013, 4 (3), P. 352–356.
[95] Almjasheva O.V., Fedorov B.A., Smirnov A.V., Gusarov V.V. Size, morphology and structure of the particles of zirconia nanopowder obtained

under hydrothermal conditions. Nanosystems: Physics, Chemistry, Mathematics, 2010, 1 (1), P. 26–36.
[96] Klein S.M., Choi J.H., Pine D.J., Lange F.F. Synthesis of rutile titania powders: Agglomeration, dissolution, and reprecipitation phenomena.

J. Mater. Res., 2003, 18 (6), P. 1457–1464.
[97] Krishnankutty-Nair P. Kumar Growth of rutile crystallites during the initial stage of anatase-to-rutile transformation in pure titania and

titania-alumina nanocomposites. Scripta Metallurgica et Materialia, 1995, 32 (6), P. 873–877.
[98] Vasilevskaia A.K., Popkov V.I., Valeeva A.A., Rempel’ A.A. Formation of nonstoichiometric titanium oxides nanoparticles TinO2n−1 upon

heat-treatments of titanium hydroxide and anatase nanoparticles in a hydrogen flow. Russ. J. Appl. Chem., 2016, 89 (8), P. 1211–1220.
[99] Guang M., Xia Y., et al. Controllable synthesis of transparent dispersions of monodisperse anatase-TiO2 nanoparticles and nanorods. Mate-

rials Chemistry and Physics, 2019, 224, P. 100–106.
[100] Macwan D.P., Dave P.N., Chaturvedi S. A review on nano-TiO2 sol-gel type syntheses and its applications. J. Mater. Sci., 2011, 46 (11),

P. 3669–3686.
[101] Li C.-J., Yang G.-J., Wang Z. Formation of nanostructured TiO2 by flame spraying with liquid feedstock. Mater. Lett., 2003, 57 (13–14),

P. 2130–2134.
[102] Kominami H., Kohno M., Kera Y. Synthesis of brookite-type titanium oxide nano-crystals in organic media. J. Mater. Chem., 2000, 10 (5),

P. 1151–1156.
[103] Deng Q., Wei M., et al. Brookite-type TiO2 nanotubes. Chem. Commun., 2008, 31, P. 3657–3659.
[104] Zaboeva E.A., Izotova S.G., Popkov V.I. Glycine-nitrate combustion synthesis of CeFeO3-based nanocrystalline powders. Russ. J. Appl.

Chem., 2016, 89 (8), P. 1228–1236.
[105] Popkov V.I., Tolstoy V.P., Omarov S.O., Nevedomskiy V.N. Enhancement of acidic-basic properties of silica by modification with CeO2–

Fe2O3 nanoparticles via successive ionic layer deposition. Appl. Surf. Sci., 2019, 473, P. 313–317.
[106] Li L., Pu S., et al. High-purity disperse α-Al2O3 nanoparticles synthesized by high-energy ball milling. Adv. Powder Technol., 2018,

29 (9), P. 2194–2203.
[107] Tabesh S., Davar F., Loghman-Estarki M.R. Preparation of γ-Al2O3 nanoparticles using modified sol-gel method and its use for the adsorp-

tion of lead and cadmium ions. J. Alloys Comp., 2018, 730, P. 441–449.
[108] Kotlovanova N.E., Matveeva A.N., et al. Formation and Acid–Base Surface Properties of Highly Dispersed η-Al2O3 Nanopowders. Inorg.

Mater., 2018, 54 (4), P. 392–400.
[109] Kuchina Y.A., Subbotin D.I., et al. Metal ferrites synthesis by AC plasma torch. J. Phys. Conf. Ser., 2018, 1135, P. 012095.
[110] Dudnik Y.D., Safronov A.A., et al. Plasma ways to obtain ultrafine oxides. J. Phys. Conf. Ser., 2019, 1147, P. 012127.
[111] Elouafi A., Moubah R., et al. Finite size effects on the magnetocaloric properties around blocking temperature in γ-Fe2O3 nanoparticles.

Physica A: Statistical Mechanics and Its Applications, 2019, 523, P. 260–267.



The minimum size of oxide nanocrystals: phenomenological thermodynamic vs crystal-chemical approaches 437

[112] Hasan M., Islam Md. F., et al. A soft chemical route to the synthesis of BiFeO3 nanoparticles with enhanced magnetization. Mat. Res. Bull.,
2016, 73, P. 179–186.

[113] Ortiz-Quinonez J.L., Diaz D., et al. Easy synthesis of high-purity BiFeO3 nanoparticles: new insights derived from the structural, optical,
and magnetic characterization. Inorg Chem., 2013, 52, P. 10306–10317.

[114] Park T.-J., Papaefthymiou G.C., et al. Size- dependent magnetic properties of single-crystalline multiferroic BiFeO3 nanoparticles. Nano
Lett., 2007, 7, P. 766–772.

[115] Proskurina O.V., Tomkovich M.V., et al. Formation of Nanocrystalline BiFeO3 under Hydrothermal Conditions. Russ. J. Gen.Chem., 2017,
87 (11), P. 2507–2515.

[116] Morales L.A., Sierra-Gallego G., Barrero C.A., Arnache O. Relative recoilless F-factors in REFeO3 (RE = rare-earth La, Pr, Nd and Sm)
orthoferrites synthesized by self-combustion method. Materials Science and Engineering B, 2016, 211, P. 94–100.

[117] Luu M.D., Dao N.N., et al. A new perovskite-type NdFeO3 adsorbent: synthesis, characterization, and As(V) adsorption. Adv. Nat. Sci.:
Nanosci. Nanotechnol., 2016, 7, P. 025015.

[118] Chanda S., Saha S., Dutta A., Sinha T.P. Raman spectroscopy and dielectric properties of nanoceramic NdFeO3. Mater. Res. Bull., 2013,
48 (4), P. 1688–1693.

[119] Shanker J., Rao G.N., Venkataramana K., Babu D.S. Investigation of structural and electrical properties of NdFeO3 perovskite nanocrys-
talline. Phys.Lett. A, 2018, 382 (40), P. 2974–2977.

[120] Atta N.F., El-Ads E.H., Galal A. Evidence of Core-Shell Formation between NdFeO3 nano-perovskite and ionic liquid crystal and its
application in electrochemical sensing of metoclopramide. J. Electrochem. Soc., 2016, 163 (7), P. B325–B334.

[121] Atta N.F., Galal A., Ali S.M. The Effect of the Lanthanide Ion-Type in LnFeO3 on the Catalytic Activity for the Hydrogen Evolution in
Acidic Medium. Int. J. Electrochem. Sci., 2014, 9, P. 2132–2148.

[122] Atta N.F., Binsabt M.H., El-Ads E.H., Galal A. Synthesis of neodymium-iron nanoperovskite for sensing applications of an antiallergic drug.
Turk. J. Chem., 2017, 41 (4), P. 476–492.

[123] Ho T.G., Ha T.D., et al. Nanosized perovskite oxide NdFeO3 as material for a carbon-monoxide catalytic gas sensor. Adv. Nat. Sci: Nanosci.
Nanotechnol., 2011, 2, P. 015012.

[124] Yousefi M., Soradi Zeid S., Khorasani-Motlagh M. Synthesis and characterization of nano-structured perovskite type neodymium orthoferrite
NdFeO3. Curr. Chem. Lett., 2017, 6 (1), P. 23–30.

[125] Hao Y.J., Li B., Liu R.H., Li F.T. Synthesis of NdFeO3 perovskites in a reverse microemulsion and its visible light photocatalytic activity.
Adv. Mater. Res., 2011, 282–283, P. 593–596.

[126] Popkov V.I., Almjasheva O.V. Yttrium orthoferrite YFeO3 nanopowders formation under glycine-nitrate combustion conditions. Russ. J.
Appl. Chem., 2014, 87 (2), P. 167–171.

[127] Popkov V.I., Almjasheva O.V., et al. Magnetic properties of YFeO3 nanocrystals obtained by different soft-chemical methods. J. Mater. Sci.:
Mater. Electron., 2017, 28 (10), P. 7163–7170.

[128] Popkov V.I., Almjasheva O.V., et al. Effect of spatial constraints on the phase evolution of YFeO3-based nanopowders under heat treatment
of glycine-nitrate combustion products. Ceram. Int., 2018, 44 (17), P. 20906–20912.

[129] Popkov V.I., Tugova E.A., Bachina A.K., Almyasheva O.V. The formation of nanocrystalline orthoferrites of rare-earth elements XFeO3 (X
= Y, La, Gd) via heat treatment of coprecipitated hydroxides. Russ. J. Gen. Chem., 2017, 87 (11), P. 2516–2524.

[130] Gimaztdinova M.M., Tugova E.A., Tomkovich M.V., Popkov V.I. Glycine-nitrate combustion synthesis of GdFeO3 nanocrystals. Condens.
Matter and Interphases, 2016, 18 (3), P. 422–431.

[131] Martinson K.D., Kondrashkova I.S., Popkov V.I. Synthesis of EuFeO3 nanocrystals by glycine-nitrate combustion method. Russ. J. Appl.
Chem., 2017, 90 (8), P. 1214–1218.

[132] Kondrashkova I.S., Martinson K.D., Zakharova N.V., Popkov V.I. Synthesis of nanocrystalline HoFeO3 photocatalyst via heat treatment of
products of glycine-nitrate combustion. Russ. J. Gen. Chem., 2018, 88 (12), P. 2465–2471.

[133] Zhi-hui C., Jun-fu Q., et al. Preparation of Bi4Ti3O12 nanopower by azeotropic co-precipitation and dielectric properties of the sintered
ceramic. Ceram. Intern., 2010, 36 (1), P. 241–244.

[134] Chen D., Jiao X. Hydrothermal synthesis and characterization of Bi4Ti3O12 powders from different precursors. Materials Research Bulletin,
2001, 36(1–2), P. 355–363.

[135] Al-Amani U., Sreekantan S., Fauzi A.M.N., Khairunisak A.R., Warapong K. Soft combustion technique: Solution combustion synthesis and
low-temperature combustion synthesis; to prepare Bi4Ti3O12 powders and bulk ceramics. Science of Sintering, 2012, 44 (2), P. 211–221.

[136] Zhang H., Ke H., et al. Crystallisation process of Bi5Ti3FeO15 multiferroic nanoparticles synthesized by a sol–gel method. J. Sol-Gel Sci.
Technol., 2018, 85 (1), P. 132–139.

[137] Gautam A., Singh K., et al. Crystal structure and magnetic property of Nd doped BiFeO3 nanocrytallites. Mater. Lett., 2011, 65, P. 591–594.
[138] Mishra R.K., Pradhan D.K., Choudhary R.N.P., Banerjee A. Dipolar and magnetic ordering in Nd-modified BiFeO3 nanoceramics. J. Magn.

Magnetic Mater., 2008, 320, P. 2602–2607.
[139] Almjasheva O.V., Smirnov A.V., et al. Structural features of ZrO2–Y2O3 and ZrO2–Gd2O3 nanoparticles formed under hydrothermal

conditions. Russ. J. Gen. Chem., 2014, 84 (5), P. 804–809.
[140] Gusarov V.V., Malkov A.A., Malygin A.A., Suvorov V.A. Formations of aluminum titanate in compositions with a high level of spatial and

structural conjugation of components. Russ. J. Gen. Chem., 1994, 64 (4), P. 554.


