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GENERAL DESCRIPTION OF THE WORK

Description of the work

Solution combustion synthesis (SCS) is a rapid, energy-efficient, and versatile route for
producing nanostructured materials through the highly exothermic reaction of metal
nitrates with organic fuels. This approach enables the preparation of oxides, metals, and,
in some cases, nitrides, sulfides, and phosphides. SCS-derived materials find wide
application in catalysis and in energy-storage and conversion technologies.

Despite these advantages, SCS faces key limitations: non-uniform product morphology,
relatively low crystallinity, and difficulties in controlling product composition and
potentially harmful gaseous products. These drawbacks stem primarily from the swift
reaction rate and the limited understanding of the underlying kinetics and mechanisms.
Consequently, elucidating the kinetics and mechanism of SCS is crucial for both
fundamental science and industrial implementation. A deeper mechanistic understanding
will enable optimization of synthesis conditions, prediction and control of the combustion
behavior, and ultimately regulation of product quality.

Aim and problems of the work

This work aims to elucidate the mechanism and kinetics of SCS, explore their
interrelationship, and determine how they govern the resulting products' microstructure,
composition, and properties The study focuses on selected transition-metal systems
chosen for their practical significance, including oxides (NiO, CoO, NiO-Fe,03, NiO-CuO-
Cu:0), alloys (NisFe, NiCu), and a complex nitride (NizCuN). Organic fuels, such as glycine
(C,H5NO,), citric acid (CgHgO;), and hexamethylenetetramine (CsH,,N,), serve as reducers.

To accomplish these objectives, the following tasks are addressed:

¢ Investigate SCS reactions in the Ni(NO3)2-C2HsNOz2, Ni(NOs):-CeHsO7, Ni(NOs)—

CeHi2Ns, CO(NOs)z—C6H12N4, Ni(NO3)2—Fe(N03)3—C6H12N4, and Ni(NOs)z—Cu(NO3)2—

CeHi2N4 systems.

¢ Examine how fuel type and ratio, oxidizer amount, reaction medium, pressure, and

process mode affect the reaction mechanism and kinetic parameters during product

formation.

e For relatively simple systems—Ni(NOs)2-C2HsNO2,  Ni(NOs)-CeHi2N4, and

Co(NOs3)2-CeHi2Ns—calculate adiabatic combustion temperatures and equilibrium

product compositions as a function of the solution composition, and benchmark these

results against experimental data.

e Develop and apply a method to evaluate the effective activation energy of SCS

reactions. Assess how the heating rate of the initial solutions influences SCS kinetics

and mechanisms, and analyze the composition of evolved gaseous products.

e Employ a suite of analytical techniques to correlate reaction mechanisms with the

structural, compositional, and morphological characteristics of the solid products.



¢ Investigate low-temperature sintering of the nanopowder products and determine
the physical and mechanical properties - including density, nanohardness, elastic
modulus, and magnetic behavior - of selected compact samples.

Novelty of the work

e The chemical mechanism and kinetics of SCS processes, and the relationship
between them, were comprehensively investigated in representative model systems
enabling the controlled synthesis of oxides, metals, alloys, and complex compounds.

¢ Thermodynamic calculations established the equilibrium product compositions and
the adiabatic combustion temperatures for the studied systems.

e Product formation follows a distinct sequence governed by the fuel-to-oxidizer
ratio: fuel-lean solutions predominantly yield oxides; increasing the fuel content
promotes the formation of metals or alloys; and high amounts of nitrogen-containing
fuels favor the formation of complex nitrides. This trend is linked to the release of
reducing gases (Hz2, CHa, N2H4) during excess-fuel decomposition.

e The interaction mechanisms in the Ni(NOs):-~CeéHi2N4, Co(NOs)2-CsHi2N4, and
Ni(NOs)2-Cu(NOs)2-CeHi2Ns  systems were elucidated, revealing that the synthesis
mechanism is controlled by the interaction of intermediate products formed during the
decomposition of fuels and oxidizers.

¢ The Merzhanov-Khaikin method of kinetic analysis was applied to SCS reactions,
demonstrating that the rate-limiting stage of combustion is the decomposition of
nitrates.

e Combined thermal analysis and mass spectrometry provided detailed data on the
mechanism and kinetics of the process for selected model systems.

Practical value of the work

e The studies enabled precise control over the synthesis process including - rate,
reaction time, and conditions— enabled the production of homogeneous, fine-grained,
and high-purity materials, including NiO, CoO, Ni, y-Co, e-Co, NisFe, and NizCuN.

¢ High-density compact samples were obtained by sintering Ni and Co powders
synthesized via SCS at relatively low temperatures (775 K and 1273 K). Notably, the
formation and retention of the metastable y-Co phase in the compact samples, typically
prone to transformation into e-Co, represent a significant achievement rarely
attainable by conventional methods.

¢ Oxidation of metals and alloys during the post-combustion stage was successfully
suppressed by maintaining an inert atmosphere: a pressure of 0.1-1.5 MPa in the self-
propagating mode or a flow rate of 500 cm® min™ in the volumetric combustion mode.
e Tailoring the initial composition, it was enables to synthesize a broad range of
products: simple oxides (NiO, Co0O), mixed oxides (NiO-Cu20, NiO-CuO, NiO-Fe:0s),
pure metals (Ni, y-Co), alloys (NisFe, CuNi, Cuo.isNio.ss), and the complex nitride
NisCuN. Furthermore, in the Co(NO3).-CsHi2Na system, careful control of the cooling
process enabled the formation of a metastable Co phase.
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¢ In the Ni(NOs)-Cu(NOs)-CsHi2Ns system, employing a significant excess of fuel
promoted the formation of the complex nitride NisCuN during the cooling stage.

Content and structure of the work

The dissertation consists of an introduction, six chapters, conclusions, and a list of
references. It is presented on one hundred and forty-three (139) pages, includes eight (8)
tables, sixty-three (63) figures, and one hundred and fifty three (153) references.

Publications

The main part of the dissertation has been published in seven (7) articles in high-
impact international peer-reviewed journals, one of which was published without co-
authors, as well as in six (6) conference abstracts.

Chapter 1. Literature review

This chapter surveys the origins, scientific foundations, and practical applications of
SCS. It provides a detailed analysis of the various SCS regimes, emphasizing both their
distinguishing features and common principles. Particular attention is given to the
precursors used in SCS, covering their selection criteria, reactivity, advantages, and
classification into distinct groups. The review further examines available thermodynamic
and kinetic data, analyzes the current understanding of SCS reaction mechanisms, and
evaluates existing approaches to their description. It also identifies the classes of materials
accessible through SCS and highlights how the synthesis regime and choice of precursors
determine the microstructural characteristics of the final products. Finally, the chapter
summarizes the advantages that make SCS a highly efficient and versatile method in
modern materials science, while also addressing its key limitations and the need for
continued research and methodological refinement.

Chapter 2. Experimental section

Model systems were selected that yield pure oxides and metals, alloys, and complex
nitride-based phases. Experiments were performed under two combustion regimes:
volume combustion and self-propagating combustion. In the volume combustion regime,
reactions were carried out in borosilicate beakers under a continuous flow of inert gas
(argon or nitrogen) to suppress unwanted oxidation and maintain stable combustion. In
the self-propagating combustion regime, reactions were performed in paper boats placed
inside a constant-pressure reactor. Thermocouples recorded combustion temperatures in
both regimes, and in the self-propagating mode the propagation velocity of the
combustion front was also measured.

To investigate the mechanism and kinetics of SCS processes, the model systems were
subjected to thermal analysis using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) under varying conditions. These techniques enabled
identifying phase transitions, quantifying mass losses, and determining effective activation
energies through established mathematical models.
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The solid products were characterized by X-ray diffraction (XRD), with phase
composition determined using international diffraction databases and refined through
Rietveld analysis. Morphological features and microstructures were examined by high-
resolution scanning electron microscopy (SEM), providing information on particle size,
shape, and spatial distribution. Energy-dispersive X-ray spectroscopy (EDS) enabled local
elemental analysis, while transmission electron microscopy (TEM) offered high-resolution
imaging of nanocrystalline domains. The thermal stability of the combustion products and
their structural changes (sintering) at elevated temperatures were evaluated using a High-
Speed Temperature Scanner (HSTS). Additional characterization included specific surface
area measurements (BET method), density determinations, nanoindentation for hardness
and elastic modulus, and magnetic property measurements. This comprehensive suite of
analyses allowed direct correlation between product properties, synthesis regimes, and the
characteristics of the selected precursors.

Chapter 3. SCS process in Ni(NOs).-fuel systems

In this chapter, SCS was studied in Ni(NOs)2 - organic fuel systems. In particular, the
following reactions were considered in the nickel nitrate-glycine and nickel nitrate - HMTA
(hexamethylenetetramine) systems:

. 10 5 . 20 25 S5¢+9
Ni(NO3), + ?(p C,HsNO, + E((p —-1)0, =Ni0O+ ?(p CO, + ?(p H,0 + T N, (D
. 5 5 N 5 5¢ 49
Ni(NO3), + 1—8([) CgHiaNy + E((p —-1)0, =Ni0+ 5({) CO, +§(p H,0 +T N, (2)

Thermodynamic calculations were carried out, in which the value of ¢ (fuel-to-oxidizer
ratio) was varied within the range of 0.1 to 3, and the value of n within the range of 0 to 6
mol, taking into account the maximum amount of water in the nickel nitrate hydrate.

The calculations were performed at a pressure of 0.1 MPa, using two approaches -
without oxygen and with oxygen participation. The results of the calculations with
molecular oxygen participation for the nickel nitrate - glycine system are presented in Fig.
1. At low water contents, an increase in the value of ¢ leads to a rise in T,,. The maximum
value of T,4 is observed at ¢ = 3 and n = 0 (2480 K). The main gaseous products are CO2
and N2, whose equilibrium amounts increase in parallel with the growth of ¢ (for a given n
value) and water vapor (not shown). Although CO: and N: are the predominant gaseous
products, the formation of NO and CO is also observed in certain fuel-rich systems. In the
gaseous products of fuel-rich systems, a small amount of H: is also detected (up to 0.19
mol). The amount of 02 decreases with increasing ¢, up to approximately ¢ ~ 1. In fuel-
rich systems (¢ > 2) with low water content (n < 3), the amount of O: is slightly higher.
The molecular oxygen present in the system mainly promotes the formation of NiO.

In the calculations without oxygen, the maximum T,4 (2000-2230 K) is recorded at ¢ =
1 and n = 0. In all other cases, the temperature decreases with increasing values of the
two variables (Fig. 2a).
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Fig. 1. Two-dimensional level plots for T,4 and equilibrium product for the Ni(NO,), +
%(p C,HsNO, +§((p —1) 0, + n H,0 system depend on ¢ ratio and n (number of H,0 moles)

Similar calculations were also carried out for the nickel nitrate - urotropine system.
For both systems, in order to compare the adiabatic combustion temperatures determined
with and without oxygen participation to the maximum experimental combustion
temperature, the results are presented in a single generalized graph (Fig. 2), as a function
of the amount of water used in the system. The dashed curves correspond to the
calculations with oxygen, while the solid curves correspond to the calculations without
oxygen. The experimentally measured T. values are close to the thermodynamically
calculated T,4 values obtained without oxygen. Nevertheless, in the glycine system, the
maximum experimental temperature is observed at ¢ = 1.25, while the maximum T4 is
calculated at ¢ =1 (Fig. 2a).

As a result of vaporization, the gel retains 2 molecules of bound water. In this case, the
difference between T,4 and T is about 500 K (Fig. 2a). For systems containing HMTA, the
difference between T, and T, is considerably larger (Fig. 2b). Taking into account that, the
ignition temperature of HMTA - containing solutions is 470 = 10 K, the gel formed after
vaporization may contain 1-2 mol of bound water, and the corresponding difference
between T, and T,y amounts to about 900 K over a relatively wide range of ¢ values.



The phase composition of the solid products obtained experimentally by X-ray phase
analysis was also found to coincide with that calculated. Specifically, the combustion
products of fuel-lean systems were oxides, whereas those of fuel-rich systems were metals.
However, despite high fuel content, a considerable amount of oxide was still present in the
nickel nitrate- HMTA system. Fuel-rich and fuel-lean compositions were selected for both
systems, and solutions with these compositions were dried for different time intervals to
obtain gels with varying water content. These gels were combusted, and the combustion
wave propagation velocity and temperature were determined. Based on the obtained
values, Arrhenius plots were constructed. For the first time, applying the Merzhanov-
Khaitkin method commonly used for solid-phase reactions, the activation energy values
were determined for systems of different compositions.
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Fig. 2. Maximum combustion temperature (T, , blue data points) versus ¢ ratio for the
Ni(NO5), + ¢ C;HsNO, + 2 (¢ — 1) 0, +n H,0 (a) and Ni(NO,), + ¢ CoHyoNy + 2 (9 — 1) 0, +
n H,0 (b) systems. Plots also include calculated T, values (solid and dashed lines)

The high activation energy (E,) values are characteristic of fuel-lean systems, where the
final product is NiO. Although in the present work the E, values were calculated
considering thermal and mass transfer processes (macroscopic kinetics), it can be
assumed that the activation energies may also be determined by certain rate-limiting
stages affecting the combustion front velocity (V). The obtained values were compared with
the decomposition activation energies of the starting materials (decomposition E, of
anhydrous nickel nitrate in air is 143-153 kJ-mol™"; for glycine in nitrogen, 158 kJ-mol™';
and for HMTA, 75 kJ-mol™). From these comparisons, it can be concluded that complex
compounds are formed during the decomposition of the initial reagents, whose
decomposition constitutes the rate-limiting step for these systems. Such a mechanism is
referred to as the complexation-combustion mechanism. However, this hypothesis has not
yet been experimentally confirmed and remains at the assumption stage.

In particular, in the nickel nitrate - HMTA system, X-ray phase analysis of the
combustion products obtained from experiments carried out in a constant-pressure
reactor under 3 MPa pressure has shown that in fuel-lean systems the combustion product
is a metal oxide, while starting from ¢ = 1.5, pure metal is formed (Fig. 3).
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Fig. 3. XRD patterns of combustion products for the Ni(NO,), + 1—58([) C¢HiN,

gels

Nickel obtained from gel combustion at ¢ = 1.5 exhibits a porous structure (Fig. 4a, b),
where the particles are sintered together and no grain boundaries are observed. Such a
structure makes it possible to easily compact the product even at 773 K. After compaction
at 773 K, a sample with a density of 90 + 2% and a homogeneous structure was obtained
(Fig. 4c). The cross-sectional view clearly shows the presence of certain porosity, with pore
sizes ranging from 1 to 5 pm. Elongated pores are also present, and distinct grain
boundaries between individual particles can be observed (Fig. 4d).

Fig. 4. SEM images of nanoscale Ni prepared by combustion of fuel - rich gels and
sintered samples: Ni powder prepared at 0.3 (a) and 1.5 (b) MPa nitrogen pressures,
sintered samples at 773 K (c) and 1275 K (d)

After compaction at 1275 K, denser samples with 95 * 2% density were obtained,
containing a limited number of pores (~0.5 pm) (Fig. 4d). In the cross-sectional view, the
grain boundaries are poorly expressed.



Chapter 4. SCS process in Co(NOs).-CeéHi2N4 system

A similar investigation was also carried out in the cobalt nitrate-HMTA system. The

following reaction was considered:
5 5 5 5 5p+9
Co(NO3), + E(‘D CeHi2Ny + E((p —1) 0, = Co0 + §(p CO, + §(p H,0 + 5 N, (3)

Thermodynamic calculations were carried out at very low amounts of HMTA (¢ = 0.1-
0.25), Co30s is formed. With increasing HMTA content, the amount of Cos04 decreases,
and CoO begins to form as a result of reduction. In the range ¢ = 0.5-1, the product
consists solely of CoO. Further increase in HMTA promotes the complete reduction of CoO
to the metal. At ¢ > 1.5, the product is exclusively Co. At the same time, in the studied
system T,4 increases with increasing HMTA content, reaching its maximum value (¢ =1,
2700 K). Further increase in the reductant results in a gradual decrease of T,4 (¢ = 3,
1300 K), and starting from ¢ = 3 it remains practically unchanged.

The change in product composition as a function of fuel content was consistent with
the experimentally obtained product composition. The combustion product of fuel-lean
gels was CoO, whereas near ¢ =1, the combustion product represented a mixture of y-Co
and CoO. In fuel-rich systems, CoO was reduced to metallic Co (Fig. 5a). It should be
noted that, since the combustion temperature of fuel-rich gels (800-1600 K) is higher
than the allotropic transformation temperature of cobalt, metastable y-Co is formed. At
the same time, the rapid cooling of the product prevents the y-e transformation.
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Fig.5. XRD patterns of combustion products of the Co(NO3), + 1—58(p CeHi,N, gels at

different ¢ ratios (a) and samples sintered at 775 K and 1275 K (b)

SCS processes proceed quite rapidly; therefore, to correctly evaluate the mechanism,
thermal treatment of gels with ratios of ¢ = 0.75 and ¢ = 1.5 was carried out under
milder conditions than SCS. The gels were heated at 10-70 K-min™'. The results of the
study show that, for the two-component gels, the characteristic combustion reaction
occurs at 450-550 K (Fig. 6). For the fuel-lean gel, the DSC curve obtained at a heating
rate of 10 K-min™', in addition to the central characteristic intense exothermic peak (465
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K), also includes two smaller exothermic peaks in the temperature ranges of 450-460 K
and 480-500 K (Fig. 6a, green curve).
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Fig. 6. DSC curves for Co(N0s), + lis(p CeHy,N, systems, when ¢ =0.75 (a) and ¢ =1.5
(b) at different heating rates

In the case of the fuel-rich gel, two characteristic exothermic peaks are observed: the
most intense peak appears at 450 - 490 K (Peak ), while the second, less intense one,
occurs at 490 - 575 K (Peak Il). For both fuel-lean and fuel-rich gels, as the heating rate
increases from 10 to 70 K-min™', the primary peak shifts to a higher temperature range,
while the smaller peaks merge with the main one. By applying the Kissinger method to the
prominent exothermic peaks, the E, values for the transformation of the fuel-lean and fuel-
rich gels were determined, yielding 96 * 4 kJ-mol™" and 205 * 11 kJ-mol™, respectively.

When heating the gels at a rate of 30 K-min™', simultaneous mass-spectrometric
analysis was also carried out (Fig. 7). According to the obtained results, the signals of
CHa*(m/z = 16) and N2Hs+*(m/z = 32) ions sharply increase, corresponding to the main
exothermic stages of the DSC curves of both gels. However, in the case of the fuel-rich
gel, the signals of these ions are comparatively more intense (Fig. 7b) than in the fuel-lean
gel (Fig. 7a).

a miz=30 (NO,") b miz=30 (NO,")
miz=44 (N,0", CO,") 1E-7 4 miz=44 (N, 0", CO,")
miz=16 (CH,) 1 1E-5 miz=16 (CH,) {1E-5
< 18 miz=18 (H,0) < <. miz=18 (H,0°) <
H [ £
g J1E8 £ E 1E-68
3 e O 0 e 3
c 15 5 5§ Lt c
S 1E72 2 S
] 72
1E-104
1E-1 p = l1es
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Fig. 7. Mass spectroscopy results for Co(NO,), + 138q> CeH,2N,systems, when ¢ =0.75 (a) and
¢ =1.5 (b) heated at 30 K. min™ rate
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A sharp increase is also observed in the signals of NO2*(m/z = 30) and CO2*/N20*(m/z
= 44) ions, which are likewise associated with the primary exothermic process. However,
their decrease occurs more slowly than the flow of CHs* and NaHa* ions. Meanwhile, the
formation of the H.0*(m/z = 18) ion begins later than the other ions, then reaches a
maximum value, remains stable for a specific time, and finally decreases sharply (Fig. 7).

Based on DSC/MS measurements and literature data, we propose the following
pathway for the combustion of Co(NO3), + %(p CeHi2Nysolutions

Co(NOs), — Co304+ NO, + O, (4)
CeHiNyg > CH, + NyHy + N, (5)
CH,+ 04(NO,) —» CO,+ H,0 (+N,) (6)
N,H,; + 05(NO,) > N, + H,0  (7)
2Co0304 + NoH, = 6Co0 + N, + 2H,0 (8)
4Co;0, + CH, =12Co0 + CO, + 2H,0 (9)
2Co0 + N,H, =2Co + N, + 2H,0 (10)
4Co0 + CH, = 4Co + CO, + 2H,0 (11)

Dehydration of cobalt nitrate hexahydrate occurs at 300-450 K, followed by
decomposition of the anhydrous salt at ~450 K, producing Cos04 (4). Thermodynamic
calculations  predict CosOs formation at ¢ < 0.5. Meanwhile, fuel
sublimation/decomposition releases CH4, N2Hs, and N2 (5). The exothermic peak at 450-
460 K in fuel-lean gels (Fig. 6a, 7a) corresponds to Cos04 reduction to CoO via reactions
(8) and (9), confirmed by XRD (Fig. 5). Increasing the heating rate merges this step with
the primary exothermic stage. CHs and Na:Ha further react with NO2 and 02, forming
hypergolic mixtures that provide the main combustion heat ((6), (7)). The apparent
activation energy of this stage is 96 + 4 kJ-mol™, higher than that of cobalt nitrate
decomposition (59 = 5 kJ-mol™') and close to the sublimation heat of CeHiNa (75 + 3
kJ-mol™), suggesting fuel sublimation/gas-phase decomposition is rate-limiting.

For fuel-rich gels (¢ > 1.5), thermodynamics and XRD confirm y-Co formation (Fig. 5).
CoO reduction by CHs and N:Hs proceeds via reactions (10) and (11). Reaction (11)
activation energy (155 * 20 kJ-mol™) is close to the apparent value for the primary
exothermic stage (205 * 11 kJ-mol™'), indicating that CoO reduction ((10), (11)) is rate-
limiting for y-Co formation.

The samples prepared from gels with ¢ =1.5 were sintered at 775 K and 1275 K (Fig.
6b). The sample sintered at 1275 K shows only diffraction peaks for y-Co (Fig. 6b). The
samples processed at 1275 K exhibit a more homogeneous microstructure: they are well-
sintered and less porous. The relative density of these samples is 88 +3 %. Fig.8a shows a
low magnification BF STEM image of a sample sintered at 1275 K. The 1275 K sample
shows few small pores, grains of various shapes, and well-defined boundaries. Twins are
rare, but many dislocations are present (Fig. 8b), consistent with increased defect density
during the e-p transition. Rapid cooling (~150 K-s™') prevents y-e back-transition and
preserves these dislocations (Figs. 8b,c). A typical high-resolution STEM image of a grain
shows (211) and (200) lattice planes for y-Co, while the corresponding fast Fourier
transform (FFT) of the image exhibits (111), (002), and (220) planes (Figs. 8d).
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Fig. 8. TEM analysis of a sample sintered at 1275 K: Low (a) and high magnification (b) BF
STEM image of a grain, SAED pattern for the same grain (c), and high-resolution HAADF
STEM image (d) of the y-Co grain with FFT pattern (inset)

Nanoindentation tests were conducted to determine the elastic modulus and
nanohardness of the sintered samples. We also conducted nanoindentation measurements
for a pure e-Co sample. The resaults shown in Table 1. These results indicate that sintered
samples containing y-Co exhibit relatively higher Young’s moduli than e-Co samples at
similar grain sizes. We can expect that mechanical properties of y-Co could be improved
with more dense samples due to more complete particle bonding.

Table 1 Nanohardness and Young’s modulus of samples.

Relative Phase Nanohardnes, Young’s
Sample
density, % composition GPa modulus, GPa

Synthesized by SCS

88 y-Co 3.2+0.15 129.0 +9

and sintered at 1275 K

Melt solidified and

100 e-Co 3.9+0.3 93.8 £3

rolled

13



Chapter 5. SCS process in Ni(NO3):-Fe(NOs)3-C¢Hi2N4+ system

To study the regularities of SCS in a multicomponent system and simultaneously obtain
pure NisFe intermetallic compound in a single step, the 3Ni(NOs)2- 6H20-Fe(NOs)s- 9H.0-
¢CsHi2Ns system was investigated, keeping the nitrate content constant and varying the
amount of fuel (¢). The value of ¢ was changed within the range of 1 to 12. Atn <1 and n
> 12 values, combustion limits were observed. XRD analysis of the products obtained at
different fuel contents showed that pure NisFe phase is formed at ¢ = 6 (Fig. 9). At ¢ = 4,
in addition to the NisFe alloy, traces of the NisFeN complex nitride were also detected in
the product.

NijFe
; Ni Fe i
=6 Ni Fe 3 Ni Fe
T\u}r
NijFeN
; Ni,Fe
3| oza : i Ni;Fe
> | o= Ni Fe
2 Ni
%]
c
2 .
€ Fe,0;  Nio Ni
= / N A Fe,0; NiO Ni
¢ A AL A
Ni;Fe - PDF#38-0419;
Ni - PDF#04-0850|
T T T T

20 30 40 50 60 70 80
20, degree

Fig. 9. X-ray diffraction patterns of the combustion products of the 3Ni(NO;),-6H,0-
Fe(NOs);-9H,0-9CgsH;,N, system for different values of ¢

To understand the possible transformations in the reaction gel and the mechanism of
SCS, TG analysis was carried out by heating the materials under milder and controlled
conditions. According to the obtained results (Fig. 10), in a nitrogen atmosphere,
hexamethylenetetramine decomposes in the temperature range of 413-513 K, completely
converting into gases. Under the same conditions, the decomposition of Fe(NOs)s-9H.0
starts at 323 K. Two characteristic stages are observed, forming Fe:0s at 473 K. The
decomposition of Ni(NOs)-6H.0 starts at 403 K and, according to literature data, is
accompanied by dehydration, leading to Ni(NOs)2:2H:0. The latter decomposes in the
range of 583-653 K to form NiO.The TG curve of the mixture with optimal composition
shows that intensive interaction occurs at 483-493 K. In this range, as mentioned, Fe20s,
Ni(NOs)2:2H:0, and a mixture of gases are present in the system. Therefore, it can be
assumed that NisFe is formed due to the interaction of these substances. Alternatively, a
complex intermediate compound may first form from the interaction of the starting
components, and its decomposition followed by the direct interaction of the released
metals leads to the formation of the target NisFe alloy.
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Fig. 10. TG curves of the reaction mixture and starting materials with the composition
3NI(N03)26H20 + Fe(N03)39H20 + 6CeH12N4

When ¢ = 6, the Ni: Fe ratio is 2.7:1. According to the results of local X-ray spectral
analysis of NisFe, it lies within the single-phase region of the Fe-Ni phase diagram
corresponding to the NisFe intermetallic compound. On the other hand, microstructural
investigations showed that the product is an agglomerate with a porous structure. The
magnetization of the obtained NisFe intermetallic compound is 50 + 0.5 A-m?>-kg™", which
allows it to be classified among superparamagnetic compounds.

Chapter 6. SCS process in Ni(NO:z).-Cu(NOs).-CeH12N4 system

In this chapter, the combustion process was studied in t he 3Ni(NO3)-~Cu(NOs3)2-
5CeHi2Ns system with the aim of preparing NisCuN complex nitride with an antiperovskite
cubic structure. A representative time-temperature profile for the combustion process of
the 3Ni(NO3), + Cu(NOs), + 5C¢H;,N, solution exhibits five distinct stages: preheating,
rapid self-heating (combustion), the first cooling, a constant temperature plateau, and the
second cooling (Fig. 11a). The inflection point between the heating and combustion stages
marks the ignition temperature (T,), which is 400 K. During the combustion stage, the
temperature increases at approximately 50 K/s rate, reaching a T,,,, of 845 K. In the first
cooling stage, the product cools at ~4.5 K/s until the temperature stabilizes at around 600
K for about one minute. After this plateau, the material undergoes a second cooling stage
at a rate of approximately 1.5 K/s. The XRD pattern for the SCS product closely matches
the calculated diffraction pattern (ICDD PDF-2 #01-084-8255) for cubic (Pm3'm) Ni;CuN
(Fig. 11b). The product features uniform near-spherical agglomerates with an average size
of approximately 360 + 140 nm.
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Fig. 11. A time-temperature profile for combusting 3Ni(NOs),+Cu(NO3),+5C¢H;,N, solution
(a) and XRD pattern of the resulting material along with the calculated diffraction pattern
(ICDD PDF 2 #01-084-8255) for Ni;CuN (b)

To further investigate the SCS reaction dynamics, TGA analysis of the 3Ni(NO3), +
Cu(NO3), + 5CsH;,)N, gel was conducted up to 850 K with heating rates ranging from 5 to
30 K min" (Fig. 12). The TGA curves revealed five distinct stages, each reflecting specific
thermal events and chemical transformations.

Stage |, occurring between 300 and 470 K, corresponds to the dehydration of crystal
hydrates in copper nitrate and nickel nitrate. For copper nitrate, dehydration produces
Cu(NO3),-3Cu(OH), along with the release of NO, and water vapor:

Cu(NO3),-3H,0 —Cu(NO3),-3Cu(OH), + NO, + H,0 (13)

Nickel nitrate hexahydrate undergoes a similar dehydration process, forming
Ni(NOs),-2H,0, NO, and water vapor:

Ni(NOs),-6H,0 —Ni(NOs),-2H,0 + NO, + H,0 (14)

Around 470 K, stage Il begins with the decomposition of Cu(NO3),-3Cu(OH), to form
CuO, NO,, and water vapor. This decomposition is also a ccompanied by the catalytic
conversion of NO, on the surface of CuO, generating NO and O,:

Cu(NO3),-3Cu(OH), —»CuO + NO, (NO + O,) + H,0 (15)
NO, &5 NO+0, (16)

Notably, stages Il and lll in the TGA curves align with the reported decomposition
temperature range of C¢H,N,. Depending on the atmosphere, C¢H;,N, undergoes either
endothermic sublimation and gas-phase decomposition between 460 and 600 K or
exothermic decomposition, yielding solid or oily organic matter (C,N,H,) along with
gaseous products such as NH;, CH,, N,H,, and N,:

CeHisNy —=N,Hy + CHy + N, + CNJH,  (17)

The onset of stage lll, occurring around 530 K, corresponds to the thermal

decomposition of Ni(NOs),-2H,0, which produces NiO, NO,, and water vapor:
Ni(NO;),-2H,0 —NiO + NO, + H,0 (18)
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The heating rate significantly influences the dynamics of stage Ill. A more gradual
weight decrease is observed at 5-15 K min rates, while samples heated at 20-30 K min
exhibit an abrupt weight loss. Simultaneously releasing nitrogen oxides from nitrates and
reducing gases (NH;, CH,, N,H,) from decomposing CsH,N, creates a hypergolic gas
mixture. Oxidation of reducing gases by nitrogen oxides in such mixtures generates
significant heat according to these interactions:

NH; (N,H,) + NO,(NO,N,0) =N, + H,0 (19)
CH, + NO,(NO,N,0) —CO, + N, + H,0 (20)

Therefore, we assign stage Ill on the TGA curves as the combustion stage observed on
time-temperature profile (Fig. 11). The high combustion temperatures and availability of
reducing gases due to the excessive C4H;)N, reduce the metals according to these
reactions:

CuO +CH, (NH3, N,H,) —Cu,0 +CO4(g) (N,(g)) +H,0 (21)
Cu,0 +CH, (NHs, N,H,) —Cu +CO, (N,) +H,0  (22)
NiO +CH, (NHs, N,H,) —Ni +CO, (N,) +H,0 (23)

Next, the interaction of metals forms Cug4Niggs, Which eventually converts into a
relatively copper-rich Ni-Cu alloy:

Cu +Ni —Cug4Nig ge+Cu —Ni-Cu  (24)

We postulate that Ni;CuN formation occurs in stage IV, corresponding to a plateau in
the time-temperature profiles (Fig. 11a). The Ni-Cu alloy converts into Ni;CuN due to the
supply of nitrogen-containing species of decomposing C,N,H,:

Ni-Cu YEMD i cuN (25)

Stage V in the TGA curves can be attributed to several processes: oxidation of
carbonaceous residues and the thermal decomposition of the formed Ni;CuN. The thermal
analysis of SCS-derived Ni;CuN supports this assignment, showing decomposition and
nitrogen removal.

100
804
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— . int
40 30K m!n_1
—— 25 K:min
20 K-min*
204 15 K-min’t
—— 10 K-min?
—— 5Kmint
0

300 350 400 450 500 550 600 650
Temperature, K

Fig.12. TGA analysis results of 3Ni(NOs), +Cu(NO3), +5C¢H;,N, gel at 5, 10, 15, 20, 25, 30
K-min" heating rates

17



The formation of NisCuN through this SCS mechanism involves a sequential process:
oxide formation, reduction to metals, alloying, and nitridation.

Conclusion

1. The key controlling parameters of the SCS process are the fuel type and fuel-
oxidizer ratio, which directly influence the combustion temperature, chemical
composition, and microstructure of the synthesized materials.

2. For the investigated SCS systems, the effective activation energies were determined
characterizing  the decomposition of the precursors or intermediate complex
compounds.

3. The maximum temperature attained during SCS is governed by the heat released
from the interaction of nitrogen oxides (N20, NO, NO:), formed via nitrate
decomposition, with the reducing gases (N2Hs, CH4) generated by fuel decomposition.
4. By varying the amount of fuel - and consequently the concentration of reducing
gases such as CHs and N2Has - it is possible to control the final product composition,
enabling the selective synthesis of metal oxides, free metals, and/or alloys.

5. Nickel and cobalt nanopowders prepared by SCS demonstrate high sinterability at
low temperatures (<1273 K). Short-term thermal treatment of these powders produced
compact samples with relative densities exceeding 90%.

6. Rapid cooling successfully preserved the high-temperature metastable y-Co phase,
which exhibits superior magnetic and mechanical properties, preventing its
transformation into the thermodynamically stable e-Co phase at lower temperatures.

7. In the nickel-copper nitrates/hexamethylenetetramine system, nitrogen-containing
intermediate products generated during fuel decomposition reacted with the NiCu
alloy formed in the combustion wave, resulting in the synthesis of the complex nitride
NizCuN-an antiperovskite material with promising catalytic and magnetic applications.
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Lnwnypubph wjpdwdp upupbqp (LUU) hwunhuwunwd b wpwg, wpryntbwybn,
Fubipghwfutuwjnn, unpwpwpwywu dbpnn twunywnnigwdpwiht Unyebph unwgdwu
hwdwp: LUU wpbgbuh hpdpnid puyws b dGunwnubph indbih wnbiph' dwutwynpuwbu
Uhwnpwwnttiph (opupnhg) U opquiiwwt Ytpwlwuquhgubiph (wntihp) dhol pupwgnn
Eygnptind thnfuwgnbignigniup: LUU wpngbup htwpwynpnipnit £ wwhu unwtiwg
hpduwYwunw opupnubip, Jdbwwnubp, Gppedu Ynuyebph wy nwubp' Uhwphnubp,
unydbhnubp, $nudhnubip’ pwgdwquu Yppwnnigyniuutiph hwdwp: Uwutwynpwwbu,
LUU-ny uwnwgywd pwqdwphy wwnpg W pwpn opuhnubip Yhpwnynd Gu npwbu
Ywuwwihquunpubip qugtiph opuhnwgdwu, oph b opquuwlwu unyebiph pwjpwidwu
ntwyghwubpnuw: LUU wpngbiuny uwnwgywd Unebpp jwjiu Yhpwnnygynit niubu
tubpghwih wwhwywudwu U thnjuwlybpwdwu nnpunubpnd npwtiu. dwpunyngubinh,
ubunputiph, giphwnnpnhgubiph pwununphsubip b wyju:

Quwiny wénd £ hGwnwppppnipgniut wju Bnwuwyny  Ynebph unwgdwu
Uywwndwdp, uwlywiu LUU wpngbut niup npnawyh uwhdwuwdwynuiubp' Yuwdws
wpgwuhph Yunnigywdpwiht hwdwubnnigjwu, bpptidu wupwdwpwp pjnipbinuywt
Ywnnigwdph, ndjun Yunwywpbh pununpnuygjul, wugwnynn qugbiph Ywquh L
wjiup htwn: Wn vwhdwuwhwynwitbpp wwjdwuwynpwd Gu LUU  wpngbuubiph
YpuGwplwih U dbluwthgdh, npwug dhol Ywwh ng pudwpwp hdwgniejwdp:
Ubtfuwuhqdh U Ypubwnphlwih Ybpwpbpjw) dGdwphy wyjwiubph  wnlwniegnitup
huwpwynpnigniu Yuw  owywnhdwjwgub upupbqh  wwjdwuubpp, Ywufuwwnbub)
wjndwu pupwgpp U wpwgnyeyniup' pbpbind wpngbup Yuwnwywpdwup, huswbu uwl
huwpwynp Yhuh Yunwdwnb unwgynn unyebph Yunnigwdpp, npwyp, wugwwnynn
quaqbiph uaqdp U pwtwyp:

Wluwwnwuph twwwwlu . nwnwduwuppbp punpqwé  hwdwlwupgbpnd LUU
wpngbuubph dbfuwuhgquu nu Yhubinpywu, pwgwhwjnt) defuwuhqip b Ypubinhlwih
dhole Ywwp, npwg wanbignygniup wpgwuhph dhypnywnnigywsdph, pununpnueju,
hwwyneyniuubph Jpw wjuwhuh hwdwlwpgbpnd, npnup pbipnud Gu opuhnubiph,
hwdwanyywdépubiph W pwpn uhnphnwhtu dhwgnipjwt wnwowgdwu:

Ppwywuwgywsd hbGwnwgnwinyeniuubphg  unwgybp Gu  hbGwnlyw;  hhduwlwu
wprynlupubinp’

¢ LUU-ypngbiuh hhdtwlwu Yunwywpnn wwpwdbnptpt Gu Junbhph wnbuwyp

L Jwnbipp - opuhnhs hwpwpbpwlgnyeniup, npnup nipnuyhnpbt wgnnd Gu

wjpdwu  obpdwuwmphbwuh, uwnwgynn Ynebiph  phdhwlwu  pwnwnpnipjuu W

dhypnywnnigwdph Ypw:
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o Lhnmwgnunyws LUU hwdwlwpgbpnuwd npnggtp Gu wpngbuh wlnhyjwugdwu
Fubpghwih E$LlYinhy wnpdbipubipp, npnup puniewgpnd Gu  Guuynuebiph  (Ywd
dhowtlyw) Yndwbpu dhwgnuejnitubiph) pwjpw)jnuip:

e LUU-ypngtiuh wnwybjugnyu obpdwuwmhbwup wwydwuwdnpdwsd £ Guwghu
uhwnpwwnubiph pwjpwynuihg wnwowgwd wagnwnh opuhnubiph (N,0, NO, NO,) L
Junbijhph pwjpwjdwt wpryniupnid wnwowgwsd Ybpwlwuquhs qugbiph (NaHs L
CHa) thnfuwgnbignipjwu otipdkdtlwnny:

e Snyg & wipdty, np LUU hwdwlwpgbpnd Junbihph (Yepwlwugunn qugbph’
CHs, N2Ha) pwuwlh thnihnfunygjudp Yupbih b Yupguynpl)  uwwinwluwiht
wpqwuppubph  pwnwnpnnup’ unwuwing  huswbu  dGwnwnubph  opupnubp,
wjuwbu b dewnwnutp W/Ywd hwdwaéanyjwsdpubn:

e LUU bnwuwyny unwgyws upytih U Ynpwiinh twunthnohubipp gnigwptipnid Gu
pwndp Gnwlwpdwu niuwynyegnit gwdp spdwuwmpbwuubpnd (<1273 4): THphwug
Yuwpbwwnl obpdwihu dowydwdp unwgyly Gu 90%-hg pwpdp hwpwpbpwlywu
funnipjwdp Yndwwlwn udnipubip:

¢  Ujndwu wpgwuhpubph wpwg uwntignuip htwpwynpnigniu £ wnygbp ywhwwub
pwnpépobpdwumpdwuwiht,  dinwlwinu y-Co  dwgp'  opowlgbind  npw
thnfuwpynwip gwdp gtipdwuwnhbwunwd phpdnnhuwdhynptit Yujniu e-Co-h:

e ULhyGlh L wnudh Uphwpwwnubp - nipnpnyhtu hwdwupgnud  Ybpohuhu
pwjpwidwl  wpryniupnid  wnwowgwd  wgnun  wwpniuwynn  dhowuljw
wpgqwuhputiph b wjpdwtu  whpnd  wnwowgwd  NiCu  hwdwdanywdph
thnfuwgnbignipjwt wpryntupnid uhupebqyb) E NisCuN pwpn uhnphnwiht $wqp:

AMWUPXAHAH HAPUHE NPAYNKOBHA

UCCNEQ,OBAHUE KUHETUKN U MEXAHU3MA NMPOLLECCOB CUHTE3A
FTOPEHUEM PACTBOPOB B CUCTEMAX HUTPAT METAJIA - OPTAHUYECKUU
BOCCTAHOBUTEJIb

PE3IOME

CuHtes  ropenuem  pactBopoB  (CIP)  npeactaBnaer  coboit  ObICTpblid,
3HeproapPeKTUBHbI W WHHOBALMOHHBIA METOf MOMyYeHNA HaHOCTPYKTYpPUPOBaHHbIX
MaTepUaioB Ha OCHOBE JK30TEPMMYECKOrO B3aUMOAENCTBUA conell MeTannoB — rnaBHbIM
0bpa3omM HUTPATOB - C OPraHWYECKUMM BOCCTAHOBUTENAMMW (TOMIMBamMM). IDTOT MOAXOA,
no3BoAET NonyyaTb OKCUAbI, METalNbl, a B PALE ClyyYaeB Takme HUTPUAbI, cynbduipl u
dochuabl. Matepuanbl, cuHTesmpoBaHHble Metogom CIP, wwupoko npumeHaloTca B
KaTanuse (OKUCNEHWe ra3oB, pas/oxeHve BOAbl, Aerpajalna OpraHUYECKUX COefUHEHN),
a Takke B obrnacTu HakonneHuAa U npeobpasoBaHWA SHepruu - B baTtapesx, ceHcopax,
CBEPXNPOBOAHUKAX U Ap.

HecmoTpsa Ha oueBngHble npenmyliectsa, metod CIP nmeeT pap orpaHuyeHwid, Takmx
Kak HEOQHOPOJHOCTb CTPYKTYpbl, HEAOCTATOMHAA KPUCTANIMYHOCTE U TPYAHOCTU
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yrpaBfieHWs COCTaBOM MPOAYKTOB M MPUPOAON BbIAENAIOLLMXCA ra3oB. DTW HELOCTaTKN B
OCHOBHOM CBA3aHbl C 4pe3BblYallHO BbICOKON CKOPOCTbIO MpPOTEKAHWA peakuuii u
OrpaHUYEHHbIM MOHNMaHUEM UX KUHETUKU U MEXaHU3MOB.

Moatomy wuccnepoBaHne KuHETMKM M MexaHusma npoueccoB CIP umeer BaHoe
Hay4yHoe U npaKkTuyeckoe 3HaueHue. bonee rnybokme 3HaHMA MO3BONAT ONTUMM3MpPOBATH
YCNoBMA CWHTE3a, MNPOrHO3MPOBaTb W KOHTPONAMPOBAaTb TEYEHUE TFOPeHUA, a TaKke
perynmpoBaTtb CTPYKTYpy W KayecTBO MOMyvyaemblX MaTepuanosB. JTO CO3[acT OCHOBY AfA
MPEOAONEHNA CYLLECTBYIOLLMX OrpaHUYeHUn U pacLUMpUT BO3MOMKHOCTU MPUMEHEHUA
metopa CI'P B pa3nnuHbIx TexHonorunyeckux obnactax.

Llenb pabotbl — uccneposatb mexaHusm npoueccos CIP B BbibpaHHbIX cuctemax, mx
KMHETUKY, B3aUMOCBA3b MEXaHMU3Ma U KMHETUKMN, a TaKKe UX BIMAHUE Ha MUKPOCTPYKTYpPY,
cocTaB W CBOIWCTBa MpPOAYKTa B TaKUX CUCTEMax, KOTOpble MpUBOAAT K 0bpa3oBaHWio
OKCUAO0B, CMIABOB U COMKHbBIX HUTPULHBIX COEANHEHWIA.

OcHoBHble pe3ynbTaTbl NPOBEAEHHbIX UCCEf0BaHUI:

e YCTaHOBNEHO, YTO OCHOBHbIMW yrpaBnAlOWMMM NapameTpamm npouecca CIP

ABNAIOTCA TWUM TOMAMBA W COOTHOLUEHWE TOMINBO-OKUCIUTENb, KOTOpPble HanpAMyHo

BAWAIOT Ha TemrnepaTtypy ropeHuA, XMMUYECKNiA COCTaB 1 MUKPOCTPYKTYpPY MonyYaembix

maTepuanos.

e B wuccneposarHbix cuctemax CI'P onpepeneHbl apdeKTBHbIE 3HAYeHUA SHeprumn

aKTUBaLMM MpOLECca, XapaKTepu3ylolMe pasfioKeHWe UCXOAHbIX BeLlecTs  (Mau

MPOMEMYTOYHbBIX KOMMIEKCHbIX COeAUHEHWIA).

e MakcumanbHaa Temnepatypa CIP-npouecca obycnoeneHa TtennosbiM 3chcpeKTom

B3aumopeiictena okeupos asota (N20, NO, NO:), obpasytolumxca npu pasnomeHnn

UCXOAHbIX HUTPaATOB, C BOCCTaHOBUTENbHbIMK rasamn (N2Ha u CHa), BO3HMKatowmmn B

pesynbTaTe pasfoKeHuA TonavBa.

e YCTaHOBNEHO, YTO M3MEHEHMEM KONMYecTBa TOMAMBA (BOCCTAHOBUTENbHbIX Fa3oB

CHa, N2H4) B cuctemax CI'P moxHo perynunpoBaTb cocTas LiefieBbix NPOAYKTOB, nonyyas

KaK OKCW/bl METANNOB, Tak U MeTan/bl U/MAW CNnasbl.

e HaHonopowku Hukena u KobanbTta, nonyyeHHble metogom CIP, nposasnatoT

BbICOKYIO CMOCODHOCTb K CMeKaHuto npu  HU3Kux Temnepatypax (<1273  K).

KpaTkoBpemeHHOI TepMoobpaboTKOI U3 HUX ObinK MOMy4eHbl KOMMNaKTHble obpasLbl ¢

OTHOCUTENBHOW MNOTHOCTbIO Bbilue 90%.

e bBbicTpoe OXNaXAEHUENPOAYKTOB cropaHus no3Bonuno COXpaHUTb

BbICOKOTEMMepaTypHyto MeTacTabunbHyto y-Co dpasy, obnapatoLuyto bonee BbICOKMMM

MarHMTHbIMA U MEXaHUYeCKUMM CBOMCTBaMM, MWHYA €€ mpeBpalleHne B

TepMofMHammyecku yctoitumsyto e-Co chasy npu HU3KMX Temnepatypax.

e B cucTeme HUTPATOB HUKENA M MeAU - YPOTPOMUHA B pe3ynbTaTe B3aMMOAENCTBUA

a30TCOAEpHalMX  MPOMEMYTOYHbIX  MPOAYKTOB  Pa3NOKEHWA  MOcnefHero  C

obpasosasLummMcA B nnamenn crnnasom NiCu cuHTesMpoBaHa cnodHaa HUTpupHaAa dasa

NisCuN, npeacTaBnAtowan coboii NepcneKkTUBHbIN aHTUMEPOKCUTHBIN MaTepuan ansa

KaTaMUTUYECKNX U MarHUTHbIX MPUMEHEHUIA.
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