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Abstract 
Solution combustion synthesis (SCS) is a rapid and energy-efficient method 
for producing nanostructured oxide materials with tunable properties. How-
ever, the final characteristics of SCS-derived oxides — including phase compo-
sition, particle size, morphology, defect structure, and oxygen non-stoichiom-
etry — are largely governed by the precursor processes during thermal decom-
position and combustion. An understudied yet important factor is thermo-
chemical charge generation in nitrate–organic precursors, which influences 
nucleation, growth, and defect engineering. While most SCS reviews focus on 

technological parameters and final product properties, the role of charge gen-
eration as a tool for targeted synthesis remains largely overlooked. In contrast, 
charge effects in heterogeneous self-propagating high-temperature synthesis 
(SHS) have been systematically studied. This review differentiates the charge 
formation mechanisms in SHS (diffusion and convection at gas/solid inter-
faces) from those in SCS (ionization and entrainment of charged molecular 
species with gaseous products). It demonstrates how charge generation, in 
combination with external electric and magnetic fields, enables precise control 
over the microstructure, specific surface area, and functional properties of 
nanostructured oxides. 
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Key findings 
● Charge generation during combustion is a universal thermochemical phenomenon in both 
self-propagating high-temperature (SHS) and solution combustion synthesis (SCS). 

● Charge formation mechanisms fundamentally differ: diffusion/convection at gas/solid in-
terfaces in SHS versus ionization and entrainment of charged molecular species with gases 
in SCS. 

● External electric and magnetic fields serve as powerful in-situ control tools, influencing 
combustion rate, defect structure, and final nanomaterial properties. 

● Higher charge generation correlates with increased specific surface area, modified particle 
morphology, and enhanced sintering behavior in nanostructured oxides. 

● Thermochemical charge engineering in nitrate-organic precursors enables targeted defect 
and morphology control for advanced oxide nanomaterials in energy and catalytic applica-
tions. 
© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-
mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-

use of the work in any medium provided the original work is properly cited. 

1. Introduction 

Nanostructured materials are in high demand in engineer-

ing and bioscience sectors [1–6] due to unique properties 

arising when the particle size is reduced to 1–100 nm. At 

particle sizes <10 nm, the proportion of surface atoms in-

creases to 30–50% [7], leading to the dominance of surface 

effects. These effects include less compensated chemical 

bonds, increased reactivity, a changed electronic structure, 

quantum size effects, and an increased concentration of de-

fects [8]. These changes provide the improved catalytic, 

ion-conducting, magnetic, and optical characteristics of ox-

ide nanomaterials necessary for gas and water purification, 
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photocatalysis, biomedicine, energy conversion and energy 

storage applications [2–5,9–17]. 

The synthesis of these materials is accomplished 

through a variety of solution methods such as sol-gel tech-

nology [18], hydrothermal method [19], co-precipitation 

technique [19] including microreactor synthesis [20], and 

solution combustion synthesis (SCS) [8]. Compared to the 

aforementioned methods, solution combustion synthesis is 

a particularly promising approach due to its combination of 

a low synthesis temperature (typically below 500 °C), high 

synthesis rate and ease of implementation [8,21,22]. 

It should be noted that the properties of the targeted 

material obtained using SCS—phase composition, particle 

size, morphology, defect concentration, oxygen non-stoichi-

ometry—are determined not only by the final heat treat-

ment, but also largely by the processes in the precursor 

[23–25]. During the thermal decomposition and combustion 

stages, complex reactions occur that affect the nucleation 

and growth of crystallites [25,26]. One process in organo-

inorganic (primarily organo-nitrate) precursors that de-

serves consideration is the charge generation phenomenon. 

This effect refers to the thermochemical formation of high-

density positive/negative charges, radicals, and ions during 

thermal decomposition and combustion of nitrate–organic 

precursors, discovered by Ostroushko's scientific group 

[27,28]. It was first demonstrated [27,29] that during the 

heating of the precursors containing PVA and ammonium 

heptamolybdate the absolute potentials up to 9 V were 

measured in the temperature range of 190–225 °C. The phe-

nomenon observed in polymer-salt films was attributed 

previously to the entrainment of substances such as water, 

nitrogen oxides, carbon oxides, and ammonia from the ni-

trate precursors. The role of redox processes involving ions 

with a labile oxidation state has also been indicated. It has 

been suggested that mechanochemical phenomena affect 

charge generation. 

This effect should be differentiated from the phenome-

non of generating a temporal electrical field during the 

combustion of metal particles in oxygen or during the com-

bustion synthesis of heterogeneous systems [30–36]. In this 

case, the formation of an electric field is precisely related 

to the unbalanced separation of charge carriers at the 

gas/solid interface. It has been summarized in [37] that 

electric charges generated during self-propagating high-

temperature synthesis (SHS) of intermetallides can alter 

nucleation energy, ion orientation, and defect structure by 

creating local electric fields that could influence on the 

properties of the resulting materials (e.g., electrical con-

ductivity). Similarly, the phenomenon of charge generation 

and field applications during SCS should be considered as 

main factors in the targeted control of the final properties 

of various complex oxides [38–43]. 

An analysis of published literature reviews on SCS 

[8,19,21,22,26,44,45] shows that they primarily focus on 

technological parameters and the properties of the final 

product, but largely overlook the dynamics of the precur-

sors and the generation of charge as tools for engineering 

defects. Whereas the review works [37,46,47] address elec-

tromagnetic effects during SHS and gas-solid (or solid-

solid) combustion, but not in solution-based SCS. Thus, one 

of the aims of the present review is to emphasize the differ-

ences in the formation mechanisms of electric potential 

during combustion (or high-temperature self-propagating 

synthesis) in heterogeneous systems and solution combus-

tion synthesis. The focus review fills the gap by systemati-

cally summarizing works on charge generation during SCS 

as a key factor in the targeted synthesis of complex oxides. 

The present work demonstrates that controlling charge 

generation during SCS enables the targeted handling of the 

final nanooxide material's defect structure, morphology, 

particle size, and functional properties. 

2. Electric field formation during combus-

tion and high-Temperature self-propagat-

ing synthesis 

Investigations of the electrical phenomena accompanying 

combustion and high-temperature self-propagating synthe-

sis in heterogeneous systems began with the discovery of a 

potential difference between electrodes placed in a burning 

sample [30]. Mechanisms developed for generating electric 

charges during combustion involve convection [32] and dif-

fusion [34–36]. The convective mechanism was proposed 

by Smolyakov et al. [32] based on experimental data on the 

combustion process in heterogeneous systems, such as Ta-

C, Mo-B, Ti-C, Ti-Si, and Ni-Al. This mechanism involves the 

transfer of charges through gas filtered within the pores of 

solids. 

The development of a diffusion mechanism was per-

formed by the Filimonov and Martirosyan group [34–

36,48,49]. They widely investigated formation of the elec-

tric field (from 0.1 V [35] to 4 V [48]) generated during the 

high-temperature combustion of metal particles in the oxy-

gen or nitrogen media or during combustion synthesis of 

sulphides (CSS). It was shown that during combustion in-

volving pure metals such as Mg, Al, Ti, Zr, Hf, Cr, Mn, Fe, 

Co, Ni [34] and Ti, Fe, Mn [35] in oxygen, Ti in nitrogen 

[36], complex oxides LiMn2O4, SrFe12O19, PbFe12O19, BaTiO3 

in oxygen [35] and CSS (e.g., formation of ZnS in argon 

[48,49]), charge generation occurs through the rapid sepa-

ration of charge carriers at the metal/gas or sulfide/gas in-

terface. Since electrons have significantly higher mobility 

and diffusion coefficients than heavy cations or anions 

(e.g., S⁻), this results in electron motion and the formation 

of a negatively charged cloud of vapors or gases ahead of 

the combustion front. Scheme illustrating the diffusion 

mechanism (electronic cloud ahead of the front, field from 

the front to the cold zone) for charge generation during SHS 

is shown in Figure 1 a. 
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Figure 1 Self-propagating high-temperature synthesis (SHS): (a) scheme of the diffusion mechanism for charge generation; (b) scheme 

demonstrating an effect of an external electromagnetic field on chemomagnetic electrical signals. The figure was generated using 

ChatGPT based on prompts written by the authors and subsequently edited for scientific accuracy and clarity. 

This electron and heavy ions separation creates a strong 

electric field that transfers charge through the reacting 

sample, and resulting potential difference between the 

combustion front and the surrounding media could be 

measured. Similar phenomena were observed by Morozov 

et al. [50,51], which investigated SHS of complex oxides. 

The generation of electrical potentials during combustion 

of heterogeneous systems containing Cr, Mo, W [50] and B, 

Al, Ga, In, Y, La, Yb [51] was also recorded: a potential dif-

ference up to 2.3 V [51] was measured between the combus-

tion front and the cold areas of the sample. 

Most of the studies provided by the Filimonov and Mar-

tirosyan group were summarized in the review works 

[37,46]. In particular, Filimonov and Kidin [37] analyzed 

studies on the effects of external electromagnetic fields on 

SHS of heterogeneous systems. They concluded that these 

fields can significantly impact on the combustion rate, front 

temperature, and product structure by altering the kinetics 

of radical and ionic processes. Then, Filimonov and 

Poletaev [46] reviewing experimental data obtained on the 

combustion of metals in various gaseous atmospheres and 

CSS, made a conclusion that the generation of charges and 

electric fields in condensed systems is a universal phenom-

enon in SHS that governs the transfer of mass, energy, and 

charge across the combustion front. It should be mentioned 

that all experimental data obtained in [50,51] are in accord-

ance with the conclusions made in [37,46]. 

Despite the convincing experimental data provided by 

Filimonov and Martirosyan [34–36,48,49], the diffusion 

mechanism is still only applicable to cases involving high-

temperature combustion in a gaseous atmosphere or in the 

presence of an ionized phase. At the same time, this mech-

anism does not explain charge generation in solutions or 

gels, where there are no pronounced gas/solid interface and 

ionic conductivity dominates. This underscores the funda-

mental distinction between SHS and SCS, where charge for-

mation mechanisms necessitate distinct consideration. 

Poletaev et al. [52] continued developing the diffusion 

mechanism of charge generation during the combustion of 

heterogeneous systems. They applied this mechanism to a 

two-layer energetic condensed system that modeled a high-

temperature electrochemical cell. The microscopic process 

of charge generation on individual particles organizes into 

the directed movement of ions characteristic of an electro-

chemical cell. Thus, work [52] expanded upon the ideas of 

Filimonov and Martirosyan by applying them to a more 

complex and organized environment. In this environment, 

charge generation results in a macroscopic voltaic effect 

due to ionic conductivity. 

Investigations of the influence of an external magnetic 

field on the SHS processing were continued by Sivasubra-

manaiam et al. [53]. They examined mixtures containing 

metals (such as Fe, Co, Ni, Mn, and Ti), their oxides, and 

sodium perchlorate, which acts as a solid oxidizer, and rec-

orded electrical signals arising during combustion. Based 

on the provided experiments, the authors of the work as-

sumed that the formation of charged species (electrons and 

ions) and their transport within the reaction zone aligned 

with the propagating combustion wavefront as charge 

fluxes implied the generation of a magnetic field coupled to 

the SHS reaction. This field was named a chemically in-

duced magnetic field [53]. When an external magnetic field 

was applied, changes in the measured electrical signals 

were observed. It was found that compared to the zero field, 

reactions in the magnetic field were more complete, pro-

duced more reproducible results, and altered combustion 

wave dynamics. This effect was attributed to the influence 

of an external magnetic field on the directed movement of 

charged particles (ion pulse) formed during SHS at the fore-

front of the SHS wave, e.g., via Lorentz-force-related ef-

fects. In [53], it was proposed that, under an external mag-

netic field, charged particles may alter their trajectories 

and consequently the effective charge transport. This ena-

bles the reaction to be fine-tuned and enhances its effi-

ciency. Explanatory scheme of an effect of an external elec-

tromagnetic field on chemomagnetic electrical signals ap-

peared during SHS is shown in Figure 1b. 

Recently, Shcherbakov and Barinov [54,55] discovered 

the generation of a thermal electromotive force (EMF) dur-

ing the combustion of Ti-B system under pressure and 

quasi-static compression. They attributed the appearance 

of the positive signal to the electronic conductivity of tita-

nium particles and the appearance of the negative signal to 

the hole conductivity of boron particles. The works [54,55] 

  

(a) (b) 
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also expanded the understanding of the possible mecha-

nisms of electromagnetic field generation in SHS waves and 

demonstrated that the nature of charge carriers in reacting 

systems (i.e., electron or hole conductivity) significantly in-

fluences the formation of an electrical signal, even in the 

absence of an ionized gas phase. These findings approved 

the variety of processes on which electrical phenomena 

during high-temperature synthesis are based and con-

firmed that charge generation is a universal characteristic 

of component interactions within a wide range of condi-

tions. 

Despite extensive research on charge generation in SHS 

between 2002 and 2022, recent studies (2023–2026) rarely 

address the electrical phenomena generated during SHS. In-

stead of considering fundamental mechanisms, more appli-

cation-focused papers on SHS have published (e.g., synthe-

sis of high-entropy oxides [56], carbon nanostructures 

[57,58], and nanocomposites [59,60]). This shift from 

mechanistic studies to engineering optimization leaves gap 

for renewed investigation of charge effects in modern SHS 

approaches, such as solution-assisted and magnetic-field-

assisted applications. 

Summarizing published results on charge generation 

during SHS can demonstrate the following: the value of the 

generated potential ranges from 0.1 V for metal oxidation 

[35] to 4 V for sulfide synthesis [48] and up to 2.3 V for 

systems with Group III elements [51]. An external magnetic 

field enhances this effect [53], while pressure and compres-

sion lead to the appearance of thermo-EMF with different 

signs, depending on the type of conductivity [54,55]. 

Upon analyzing the above-mentioned works, it can be 

concluded that an electric field is generated during SHS in 

systems with metal or oxide components, often in a gaseous 

atmosphere (e.g., O2, N2, Ar) due to the high mobility of 

electrons relative to heavy ions or due to charge transport 

in a porous medium. The charge generation mechanisms in 

SHS can be well described in terms of diffusion and convec-

tion at the gas/solid interface. However, solution combus-

tion synthesis has a broader range of processes with funda-

mentally different physicochemical origins. These pro-

cesses include reactions that occur in solutions containing 

oxidizing salts (metal nitrates) and organic fuel. SCS in-

volves a liquid phase with high ionic conductivity, intense 

gas evolution, and an absence of a pronounced combustion 

front. These characteristics suggest that charge generation 

during SCS is based on fundamentally different physical 

and chemical mechanisms. Finally, it could be mentioned 

that despite extensive research on charge formation in SHS, 

most studies are descriptive and do not provide practical 

methods for controlling this effect in targeted syntheses. In 

contrast, SCS enables active control of charges during py-

rolysis and decomposition. This provides promising oppor-

tunities for designing defects and properties in nanooxides. 

Next, we will examine the specifics of charge generation in 

nitrate-organic precursors. 

3. Charge generation during solution com-

bustion synthesis 

Solution combustion synthesis is based on the exothermic 

redox reaction of metal nitrates (oxidants) and organic 

fuels (e.g., glycine (Gly), citric acid, acetic acid, ethylene 

glycol, urea, sucrose, hydrazine, polyvinyl alcohol (PVA), 

polyvinylpyrrolidone (PVP), cellulose, starch, and fuel mix-

tures) in solution [21,22,44,45]. Organic components can 

also act as complex-forming agents and microstructural 

templates [21]. The process of solution combustion synthe-

sis involves usually several stages: formation of homogene-

ous mixture (dissolution and heating), evaporation, gel for-

mation, self-ignition, combustion with gas release (CO2, N2, 

H2O), and nanopowder formation [8,21]. The scheme of SCS 

with its basic stages is shown in Figure 2a. 

Figure 2 Solution combustion synthesis (SCS): (a) scheme of the main stages; (b) scheme of the experimental setup for electric charge 

measurements; (c) scheme of the stage of charge generation involving formation of positive charges as an example.  The figure was 

generated using ChatGPT based on prompts written by the authors and subsequently edited for scientific accuracy and clarity. 
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Measurements of the electric charges formed during SCS 

were performed in [28,38–43,61–63] using the experi-

mental setup, which is schematically presented in Fig-

ure 2b. Ostroushko's scientific group's series of works 

showed that, compared to the mechanism of charge gener-

ation during SHS, the mechanism of charge generation in 

nitrate precursors during SCS has a different origin. The 

following sub-sections will discuss the mechanism of 

charge generation during SCS, the factors that determine 

this phenomenon, and its influence on the physicochemical 

properties of synthesized nanooxides. 

3.1. Factors determining generation of electric 

charges from nitrate precursors 

A comparison of experimental results, an analysis of gase-

ous product concentrations, and measurements of the pre-

cursor–ground potential difference performed widely 

in [38–43,61–63], suggest that the primary mechanism for 

charge formation in SCS involves electron transfer from the 

precursor to the molecular groups as they escape into the 

gas phase. This process generates a positive charge in the 

solid component of the system while reducing the molecu-

lar groups and causing them to acquire a net negative 

charge [64–66]. Conversely, when the precursor acquires a 

negative charge, it accepts electrons from the molecular 

groups. Consequently, the polarity of the precursor charge 

is opposite that of the dominant escaping molecular groups. 

If the molecules introduced additionally were presented in 

the gaseous medium, no interaction has been observed be-

tween them and the precursor [41]. 

It should also be noted that molecular groups that form 

negatively charged particles (which formally undergo re-

duction through “the dissociative attachment of an electron 

to a molecule” [67–69]), such as water, are not classified as 

active oxidizing agents. However, during the synthesis of 

manganites, for example, Mn3+/Mn4+ ions characteristic of 

the solid perovskite phase are formed from the Mn2+ ions 

containing in initial precursor salts through their combus-

tion. This transition makes the manganese ions active elec-

tron donors, apparently accounting for the "capture" of 

electrons by molecules released into the gaseous environ-

ment. 

Summarizing, high electrical charges occur during SCS 

due to the removal of ionized molecular particles (H2O⁻, 

NO⁺, CO3⁻, etc.) into the environment with gaseous prod-

ucts. These products carry electrons away from the surface 

of the particles' atoms. This leads to the accumulation of 

opposite charges on particle surfaces. Figure 2c shows the 

charge generation stage during SCS, which involves the ion-

ization of molecular groups, their removal with gaseous 

products, and the accumulation of positive charges on par-

ticles of nanooxides, for example. Photographic methods 

have confirmed the ionization of the gas environment adja-

cent to the precursor during heating [29]. In some experi-

ments, the precursors were also nitrate-organic films ob-

tained by removing the solvent from the nitrate-organic 

composition and drying it in air. This explains the genera-

tion of charges in nitrate-polymer systems during the heat-

ing of the films, which occurs even before combustion be-

gins. At this stage, volatile substances that can form 

charged molecular groups begin to be removed [27]. 

Studies that considered this phenomenon have identi-

fied factors influencing the intensity and rate of charge gen-

eration: 1) the presence of metal ions with a labile oxidation 

state [41,43]; 2) the catalytic activity of metal ions in the 

precursor indirectly affecting on the combustion rate and 

accordingly increasing the intensity of charge generation 

[70]; 3) the impact of even weak electromagnetic fields 

[41]. It was observed [39,43,63] that thermochemical 

charge generation results in enhanced conductivity, elec-

trochemical performance, and catalytic properties of the 

product formed during thermal decomposition of nitrate 

precursors unlike systems where the potential difference is 

zero during synthesis. 

First, charge generation was detected during the synthe-

sis for samples containing metal ions with labile oxidation 

states. Thus, charge generation is not observed during the 

synthesis of aluminum oxide and zirconium oxide, for ex-

ample. As it is shown in Table 1, the combustion rate also 

depends on the catalytic activity of the metal ions in the 

precursor [70]. 

Table 1 Oxidation potentials of reactions catalyzed by metal ions and combustion rates in PVA-based systems [70] 

Salt components Half-Reactions E, V Combustion rate, cm min⁻1 

Co(NO3)2 Co3+ + ē  Co2+ +1.95 3–4 
Sr(NO3)2 Sr2+ + 2ē  Sr0 –2.89 3–5 

La(NO3)3 La3+ + 3ē  La0 –2.52 2–4 

Mn(NO3)2 Mn3+ + ē  Mn2+ +1.51 5–7 
AgNO3 Ag+ + ē  Ag0 +0.7994 10–15 

Sr(NO3)2, Co(NO3)2 Sr2+ + 2ē  Sr0 

Co3+ + ē  Co2+ 

–2.89 

+1.95 

11–13 

La(NO3)3, Co(NO3)2 La3+ + 3ē  La0 

Co3+ + ē  Co2+ 

–2.52 

+1.95 

14–18 

La(NO3)3, Mn(NO3)2 La3+ + 3ē  La0 
Mn3+ + ē  Mn2+ 

–2.52 
+1.51 

13–16 

AgNO3, Mn(NO3)2 Ag+ + ē  Ag0 

Mn3+ + ē  Mn2+ 

+0.7994 

+1.51 

30–40 

La(NO3)3, AgNO3, Mn(NO3)2 La3+ + 3ē  La0 

Ag+ + ē  Ag0 

Mn3+ + ē  Mn2+ 

–2.52 

+0.7994 

+1.51 

15–20 
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Figure 3 The maximum potential difference arising during burning 

of the La0.9A0.1MnO3+δ (A=La, Li, Na, K, Rb, Cs, Sr; assigned as LMO, 

LLMO, LNMO, LKMO, LRMO, LCMO, LSMO, respectively) films with 
polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) in various 

fuel/oxidant ratios, heated in and without an electromagnetic (EM) 

field [67, 68]. 

Table 2 The maximum and residual potential difference arising 

during the synthesis of the Sr2Ni0.7Mg0.3MoO6–δ (SNMMO), 

LaMnO3+δ (LMO), La0.9Li0.1MnO3+δ (LLMO) samples with glycine 

(Gly), polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) in 
various fuel/oxidant ratios 

Sample ∆Umaximum, V ∆Uresidual, V Ref. 

SNMMO Gly 1010 15 1 [39] 

SNMMO Gly 1503 17 4 [39] 

SNMMO Gly 3000 87 9 [39] 

SNMMO Gly 1000 29 7 [39] 

SNMMO Gly 1003 15 2 [39] 

LMO PVA 1 50 8 [61] 

LMO PVA 2 79 6 [61] 

LMO PVA 4 87 –14 [61] 

LMO PVP 1 81 28 [61] 

LLMO PVA 1 21 5 [61] 

LLMO PVA 2 58 14 [61] 

LLMO PVA 4 66 –4 [61] 
LLMO PVP 1 81 2 [61] 

 

Previous studies have shown that external electric [71–

73] and magnetic [37,53] fields applied during SHS not only 

act as external factors, but rather as control tools at all 

stages of the synthesis process, including ignition, the prop-

agation of the combustion wave and the formation of the 

final material structure and properties. The ability to adjust 

field parameters (strength and direction) enables purpose-

ful control over the process and production of materials 

with improved or predetermined characteristics, not only 

during SHS but also during SCS. As it was shown in [42,74], 

external electromagnetic fields can reduce the work func-

tion of electrons from the surface of forming nanoparticles 

and intensify the formation of negative molecular groups. 

Electrons moving in an electromagnetic field experience the 

Lorentz force, at the very least. 

Since electrons are the initial carriers of negative charge 

and should ionize molecules (e.g., water) due to their short 

free path, the above field acts more strongly on electrons 

(including their release from nanosized entities) than on 

more massive positively charged particles. Therefore, the 

electromagnetic field favours the movement of more nega-

tively charged particles and shifts the potential difference 

to the positive side, as demonstrated in Figure 3 for the 

La0.9A0.1MnO3+δ (A=La, Li, Na, K, Rb, Cs, Sr) systems. The 

figure shows the maximum potential difference during the 

burning of films heated on an electric stove (in an electro-

magnetic field) and on an alcohol burner (without an elec-

tromagnetic field) for samples synthesized with PVA, Gly, 

and PVP in various fuel/oxidant ratios [67, 68]. 

In the presence of an external magnetic field, an addi-

tional effect that can occur during SCS is the magnetogas-

selective effect [62]. This effect expels diamagnetic parti-

cles (including charged particles) from the magnetic field 

while retaining paramagnetic particles. This affects the ac-

cumulation of charge on the precursor. During the decom-

position of the precursor, product nanoparticles are formed 

that may exhibit catalytic properties in redox reactions. In 

this case, the number of electron transitions and the prob-

ability of ionization increase, as does the charge accumu-

lated on the precursor [61]. The large specific surface area 

is determined by the composition of the salt component and 

the type and amount of the organic content both, which fa-

cilitate charge distribution on the surface and increase the 

number of catalytic sites. 

The conductivity of the resulting product affects the rate 

at which charge dissipates after synthesis. For this reason, 

the residual potential difference, which persists for several 

minutes after combustion ends, is several volts higher than 

the maximum potential difference during synthesis. This 

difference varies with different compositions, as demon-

strated for Sr2Ni0.7Mg0.3MoO6–δ [39], LaMnO3+δ [61], 

La0.9Li0.1MnO3+δ [61] in Table 2. As shown in Table 2 for lan-

thanum manganite doped with alkali metal ions, the accu-

mulated charge sign on the precursor can differ. Therefore, 

it can be concluded that the charge sign is generally related 

to the electron exchange rate, composition, and rate of gas 

release. 

It should be mentioned that the charge generation phe-

nomenon was first observed during SCS of oxide materials 

with an electron- and mixed ionic-electronic conductivity. 

It could be proposed that the general mechanism of charge 

separation via electron attachment (or its release) to a mo-

lecular group remains correct for both n- and p-type oxide 

materials. In addition, the proposed charge generation 

model is based on electron transfer at the solid–gas inter-

face. Subsequent charge transport and relaxation within 

the forming oxide nanoparticles could proceed via polaron 

hopping between metal ions of variable valence (e.g., 

Mn3+/Mn4+, Co3+/Co4+). Further studies are needed to quan-

tify the contribution of conductivity polaron mechanism for 

studied materials to the overall charge generation process 

as well as clarify the contributions of electrons and holes to 

charge generation in materials with predominant hole-type 

conductivity (e.g., Ca3Co4O9+δ [17]). 
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3.2. The effect of charge generation on physico-

chemical properties of nanomaterials  

Analysis of solution-based methods for synthesizing na-

nomaterials shows that sol-gel technology ensures atomic 

mixing of reagents via hydrolysis and polycondensation of 

alcoholates or metal salts. However, this process requires 

prolonged gel aging (from several hours to days) and heat 

treatment at temperatures of 500–1000 °C. These condi-

tions often lead to particle agglomeration, a decrease in the 

specific surface area, and a loss of nanoscale properties 

[18]. The Pechini method, as a variant of the sol-gel tech-

nique, requires additional steps also, this multi-stage pro-

cess is time-consuming and energy intensive [75–77]. The 

high content of organic components (citric acid and eth-

ylene glycol) poses a risk of incomplete combustion, which 

results in the formation of carbon residue. The resulting 

powders often also exhibit a high degree of agglomeration, 

necessitating further grinding. Hydrothermal synthesis en-

ables precise control of morphology (e.g., spheres, rods, 

and plates) and particle size at temperatures ranging from 

100 to 250 °C and pressures up to 100 atm. However, it re-

quires autoclaves and long exposure times (12 to 72 hours), 

limiting scalability and increasing energy consumption 

[19]. Co-precipitation is a simple and economical method of 

precipitating salt solutions with alkali or carbonate. One 

disadvantage of this method is that it produces amorphous 

or weakly crystallized precipitates that require calcination 

at 600–900 °C. Additionally, this process may be accompa-

nied by particle growth and phase impurities [19]. Micro-

emulsion synthesis is another wet chemical synthesis tech-

nique that enables the production of monodisperse nano-

particles of controlled size and shape [78,79]. This tech-

nique is particularly useful for metal oxides and noble met-

als [80] Meanwhile, this method is characterized by low 

productivity due to operation in highly diluted systems and 

extremely limited scalability. The use of significant 

amounts of toxic surfactants and organic solvents increases 

production costs and environmental impact. Additionally, 

the need to repeatedly wash the product to remove surfac-

tants results in material loss and nanoparticle surface con-

tamination. In contrast, SCS is completed in a single-step, 

yielding highly active nanopowders with minimal energy 

consumption and simple equipment. 

The main advantages of SCS include energy efficiency, 

high processing speed and productivity of process, homoge-

neity and purity of final nanopowders. Since external heat-

ing is only needed for initiation, this synthesis method is 

economical due to reactions’ self-sustaining character [8]. 

The combustion synthesis takes minutes, making it suitable 

for scaling up [21], atomic mixing in solution ensures a uni-

form distribution of elements and minimizes impurities 

[8], while the fuel/oxidant ratio () allows the flash point, 

gas evolution, and microstructure to be adjusted [8,21]. SCS 

enables the production of highly complex compositions; for 

instance, it is successfully used for multi-element oxides, 

including medium- and high-entropy oxides [81,82]. The 

possibility to carry out SCS in a continuous mode, such as 

with spray pyrolysis [83–85] or a microwave-assisted tech-

nique [86], makes it promising for industrial production of 

nanooxides. Unlike the sol-gel technique, SCS enables in-

stantaneous crystallization due to its high flash point, 

which ranges from 1000 to 1500 °C on a local scale. This 

reduces energy expenditure and phase transitions [8]. Be-

sides, the sol-gel method is characterized by a sharp de-

crease in specific surface area after calcination [87], which 

is caused by agglomerated particles. In contrast, SCS con-

sistently achieves 120–160 m² g–1 without additional an-

nealing [8,21,23]. Unlike the hydrothermal method, SCS 

does not require elevated pressure or extended exposure 

[44]. Compared to co-precipitation, SCS produces a crystal-

line product immediately after combustion, eliminating the 

need for additional heat treatment: the formation of the mi-

crostructure can be observed directly during the thermal 

decomposition of the organonitrate precursors. It also in-

fluences the physicochemical properties of the final product 

obtained after the final heat treatment. 

Since combustion removes ionized gaseous particles, 

the resulting decomposition of product particles accumu-

lates an opposite charge. This causes the particles to sepa-

rate and minimize contact with each other. Consequently, 

the particles have excess surface energy after combustion 

leading to increased sintering and aggregation during the 

final heat treatment. Thus, various substances tend to sin-

ter more at lower temperatures and have smaller pores 

when the charge generation process is more intense 

[38,40,41]. Examples of scanning electron microscopy mi-

crographs demonstrating particle morphology depending 

on the potential difference that appeared during the syn-

thesis of the La0.7Sr0.3MnO3±δ [41], Ce0.9Ag0.1O2–δ [40], 

SrFe12O19 [42] samples are presented in Figure 4a. 

The charge persists after synthesis and dissipates 

slowly. This prevents the particles from collapsing and ag-

gregating immediately. During subsequent heat treatment 

at higher temperatures, the accumulated surface energy 

plays a key role. This process is also crucial to determining 

the specific surface area. After the thermal decomposition 

of the precursor is complete, a charge remains for a period. 

The residual potential difference, which characterizes the 

residual charge, was also recorded [61]. The results of the 

works [38,40,43] for various oxide systems synthesized 

with different organic components are presented in Fig-

ure 4b. Figure demonstrates a symbiotic relationship be-

tween the residual potential difference and the specific sur-

face area. The above relationship can be explained by the 

fact that, after synthesis, charges generated during oxide 

material formation gradually dissipate through interac-

tions with external factors, the bonding substrate, and con-

tact with hard containers and tool surfaces. Any residual 

charges are eliminated during compaction of the charged 

powders (e.g., uniaxial or isostatic pressing). Throughout 

this process, the surface energy associated with the charges 
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is retained, thereby governing the material's specific sur-

face energy and defect density. During sintering, like-

charged powder particles experience mutual electrostatic 

repulsion, which prevents premature agglomeration and 

promotes a more uniform particle size distribution, ulti-

mately resulting in a higher specific surface area of the final 

material. Furthermore, the excess surface energy stored in 

the charged state provides an additional thermodynamic 

driving force that activates the sintering process and ena-

bles densification at reduced temperatures. 

However, exceptions exist when other significant fac-

tors influence particle formation. For instance, magnetic in-

teractions dictate the formation of chain aggregates due to 

the direction of magnetic moments Additionally, intense 

gas evolution loosens the precursor and separates the par-

ticles more strongly than the accumulated charge. The ther-

mochemical generation process can be controlled to target 

the physicochemical characteristics of substances, such as 

sintering temperature, specific surface area, porosity, mi-

crostructure, particle size, and morphology, by varying the 

type and content of the organic component in the initial 

mixture. Another option is to use externally applied mag-

netic or electromagnetic fields. 

When materials containing atoms with magnetic mo-

ments are synthesized, or when synthesis occurs under 

magnetic or electromagnetic fields, charge generation pro-

cesses that push and separate the resulting nanoparticles 

compete with magnetic ordering processes, as demon-

strated in Figure 5a. Further confirmation that the charge 

formation is directly governed by the electromagnetic field, 

rather than by the temperature profile during heating or 

chemical factors such as the local gas-phase composition, 

comes from observing nearly identical temperature profiles 

when heating precursors on an alcohol burner versus an 

electric hotplate with a quartz surface [38,61,62]. These 

profiles are primarily determined by solvent evaporation 

and exothermic combustion. This confirms that thermal 

and chemical conditions alone cannot account for the dif-

ferences in charge generation. Experiments in which pre-

cursors were heated on an electric hotplate equipped with 

a metal surface that shields the heater's electromagnetic 

field provide more compelling evidence for the direct role 

of the electromagnetic field. Under these conditions, the 

measured ground–precursor potential difference, which 

serves as a proxy for charge generation intensity, closely 

matched the values obtained when heating on an alcohol 

burner [41,63]. This agreement strongly suggests that, in 

the absence of an external electromagnetic field, charge 

generation is substantially suppressed, regardless of the 

thermal environment. Taken together, these results suggest 

that the electromagnetic field emitted by the electric hot-

plate primarily enhances charge generation rather than dif-

ferences in temperature history or gas-phase chemistry. 

However, as seen in Figure 5b, no trends were detected 

in the dependence of oxygen nonstoichiometry and defect 

formation on generated charge [41]. Accordingly, the influ-

ence of charges on target properties such as the electrical 

conductivity of complex oxide materials with oxygen-ion 

conductivity remains questionable and requires further re-

search, as these properties primarily depend on the afore-

mentioned parameters [39]. 

The oxidation-reduction ratio () can also influence the 

formation of particles, their morphology and size by influ-

encing the intensity, combustion temperature, and the in-

tensity of gas evolution, which loosens the resulting prod-

uct with gas flows [39,40,63,83,85]. However, charge gen-

eration is an additional factor that promotes particle disso-

ciation and influences particle formation and aggregate for-

mation. Thus, charge generation can either sharpen or 

weaken the effects of changes in the redox ratio (see Figure 

5b). It can be proposed that the type and amount of organic 

fuel will be the determining factor when synthesizing com-

pounds that do not contain a metal with a labile oxidation 

state and do not generate charges. Further studies are re-

quired to clarify the influence of the redox ratio on the 

charge generation phenomenon. 

Figure 4 Influence of charge generation on oxide microstructure: (a) the particle morphology with a medium potential difference (top 

row) and a high potential difference (bottom row) appeared during synthesis for the La0.7Sr0.3MnO3±δ [41], Ce0.9Ag0.1O2–δ [40], SrFe12O19 
[42] samples; (b) experimental dependencies of the specific surface area vs the residual potential difference after SCS for the La1–xAx-

MnO3+δ (A=Li, Na, K, Rb) [43], LaMnO3+δ [38], CeO2 [40] oxide systems. 
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(b) 

Figure 5 Charge generation phenomena and its effect: (a) the dependencies of coercive force on the potential difference arising during 

synthesis of La0.7Sr0.3MnO3±δ [38], La0.7Sr0.3MnO3±δ [38] and SrFe12O19 [42] under electromagnetic field; (b) the effective charge of man-

ganese vs residual potential difference during the synthesis of La1–xAxMnO3+δ (A=Li, Na, K, Rb, Cs) obtained under different conditions, 

such as precursor combustion via heating by alcohol burner without exposure to an electromagnetic field (=1,2), and with exposure to 

an electromagnetic field (=1, EM) [41]. 

4. Limitations 

Despite significant progress in understanding charge gen-

eration during SCS and its role in targeted synthesis, sev-

eral limitations should be mentioned. 

This phenomenon has only been systematically studied 

in a limited number of systems. Most of the evidence is 

based on correlation studies and indirect measurements, 

such as potential difference, combustion rate, and catalytic 

activity. Although direct quantitative assessments of charge 

density and dynamics have been carried out at various 

stages of SCS, they are insufficient for a detailed, large-

scale analysis of this phenomenon. A comprehensive, quan-

titative, theoretical model of charge generation in nitrate–

organic precursors is lacking. Existing descriptions are 

mostly qualitative, predictive simulations that couple redox 

processes, ionization, gas evolution, and external fields are 

absent. 

The application of external electric and magnetic fields 

as control tools has only been demonstrated in a relatively 

narrow range of field parameters. The combined effects of 

external fields, gradient fields, pulsed regimes, and integra-

tion with continuous spray-conversion synthesis methods 

remain largely unexplored. The reproducibility of charge-

related effects may be limited due to the high sensitivity of 

these effects to the conditions of precursor preparation 

such as fuel/oxidant ratio, heating rate, humidity, and ex-

perimental geometry. The lack of standardized measure-

ment protocols for charge generation complicates cross-la-

boratory comparisons further. 

5. Conclusions and perspectives 

Charge generation in nitrate-organic precursors during so-

lution combustion synthesis (SCS) is a universal thermo-

chemical process that enables targeted control over the 

morphology of particle aggregates, the specific surface 

area, the oxygen non-stoichiometry, and the functional 

properties of nanostructured oxides. Unlike high-tempera-

ture combustion synthesis, where charge separation occurs 

via diffusion/convection at gas/solid or melt/solid inter-

faces, SCS involves the ionization of molecular groups (e.g., 

H2O⁻, NO⁺, and CO3⁻), their entrainment with gases, and 

the accumulation of surface charge on nanoparticles. 

Charge intensity correlates with the synthesis products; 

higher generated potentials result in a larger surface area 

and active sintering after powder compaction due to the 

mutual repulsion of nanoparticles and the accumulation of 

excess surface energy. Charge generation is intensified by 

the catalytic action of metal ions with labile oxidation 

states present in the material. The morphology of the re-

sulting materials is related to the superposition of electro-

static repulsion forces and the interaction of spontaneous 

magnetic moments of the resulting nanoparticles in oxide 

systems with magnetic properties. External electric and 

magnetic fields serve as effective in situ tools for modulat-

ing the charge balance and microstructure, influencing both 

the generation process itself and the magnetic interactions.  

Future research should focus on: developing predictive 

models (Density Functional Theory (DFT), molecular dy-

namics) that integrate redox, ionization, and field effects; 

in situ diagnostics of charge dynamics; systematic studies 

of combined/pulsed fields and scalability in continuous pro-

cesses (e.g., spray pyrolysis and microwave-assisted meth-

ods, thin-film and 3D-printing technologies [88]); extend-

ing charge engineering to high-entropy oxides, battery ma-

terials, membranes, and catalysts; assessing residual 

charge effects on sintering and device performance. 

Recognizing charge generation as a central, tunable 

mechanism in SCS offers new pathways for the precise syn-

thesis of advanced nanomaterials for use in energy, cataly-

sis, and environmental applications. 
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