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Abstract 

Solution combustion synthesis (SCS) utilizes exothermic self-propagating reactions to prepare 
nanoscale materials that can be used widely in energy, electronics, and biomedical technologies 
and other applications. SCS is a specific variety of a more general combustion synthesis (CS) 
method. Investigations of the thermodynamics, kinetics, and the mechanisms of SCS reactions, 
are not as well studied as the other CS processes. This work reports on a systematic study of 
the thermodynamics and kinetics of SCS reactions involving Ni(NO3)2, an oxidizer, and either 
glycine (C2H5NO2) or hexamethylenetetramine (HMT, C6H12N4) as fuels. A thermodynamic 
modeling approach, based on the Gibbs free energy minimization principle, is applied to the 
simultaneous calculations of the adiabatic temperatures and compositions of the equilibrium 
products. Our calculations reveal the influence of fuel-to-oxidizer ratio, amount of water, and 
the oxygen in air on the combustion temperature under adiabatic conditions and the 
composition of the resulting products. We have, in turn, measured the combustion temperature 
and phase composition of products and compared them with the calculations. Variations of 
drying times for the solutions yield precursor gels with varying water contents. This approach 
enables the manipulation of combustion parameters and confirms the use of calculated 
activation energies for reactions using the Merzhanov-Khaikin method. The results show that 
SCS reactions in fuel-lean solutions producing NiO have higher activation energy in contrast 
to reactions with fuel-rich solutions that form Ni.  Reduction of activation energies due to the 
increase in the fuel-to-oxidizer ratio could be related to the observed change of the rate-limiting 
stages of the endothermic decomposition of the individual reactants to the exothermic 
decomposition of coordinate compounds formed between the reactants. 
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1. Introduction  

Solution combustion synthesis (SCS) allows for the rapid preparation of nanoscale 

materials in bulk or thin-film forms [1]. This method employs exothermic self-propagating 

reactions in reactive solutions or gels for the preparation of nanoscale oxides [2–5], sulfides 

[6,7], nitrides [8], metals, and alloys [9,10] for the use of energy conversion and storage 

technologies [11–14], electronics [15,16], as well as environmental [17–20] and biomedical 

[21,22] applications. SCS is a specific variety of a more general combustion synthesis (CS) 

method, also known as self-propagating high-temperature synthesis (SHS) [23–27]. 

The reactants in these processes are metal nitrates (oxidizers) and organic compounds 

(fuels) [28,29]. The fuel should have a relatively low decomposition temperature (<600K) and 

high solubility in water. Some fuels can form complexes with metal ions, thus increasing the 

solubility of the reactants in the solvent. The molecular-level mixing of the multiple metal 

nitrates ensures the preparation of complex oxides with high uniformity for the constituents. 

An example of the SCS process is the reaction between a metal nitrate and glycine (C2H5NO2): 

Mv(NO3)v + �5
9

vφ�C2H5NO2 + 5
4

v(φ− 1)O2 ⟶ MvOv 2⁄ (s) + �10
9

vφ�CO2(g) + 25
18

vφH2O(g) + v �5φ+9
18

�N2(g)  (1) 

where v is the oxidation degree of the metal, and the ϕ is the fuel-to-oxidizer ratio. In the ϕ = 

1 (stoichiometric ratio), the nitrate supplies the oxygen required for complete combustion of 

the fuel, whereas the ϕ<1 or ϕ>1 represent fuel-lean or fuel-rich systems, respectively. 

The duration of the SCS process is in the order of minutes, and the maximum 

temperature could be as high as 2000 K [30,31]. The solid products of the SCS reactions exhibit 

a porous morphology due to the release of a large volume of gases [32]. The microstructures 

of the materials depend on the characteristics of the liquid before the reaction initiation [1]. In 

most cases, the products consist of isotropic near-spherical, polyhedral, or irregular-shaped 

nanoscale crystalline grains of 10-100 nm.  
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A limitation of the SCS method is the relatively low level of control over the 

morphological uniformity of the products due to the complex nature of the process and the lack 

of sufficient knowledge on phase formation mechanisms. The kinetics and its relations to 

mechanisms of SCS reactions are not as thoroughly studied as other CS processes. The 

generally accepted understanding is that the microstructures of the materials depend on the 

reaction rate, the combustion temperatures, and the rates of gas release in the reactions.  

However, only a limited number of previous measurements report on the combustion 

temperature and wave propagation velocity. Adiabatic combustion temperature (Tad) 

calculations often substitute direct temperature measurements [33–42]. These calculations 

utilize apriori assumptions about the compositions of the products. The shortcoming of this 

approach is that the equilibrium products for a specific system is unknown and largely depend 

on the reaction temperatures.  

A few studies have been reported  on the kinetics of SCS reactions in order to establish 

the rate constants and rate laws for the successful scale-up of the processes [43]. Kumar et al. 

applied [9] the Kissinger model [44] to differential scanning calorimetry (DSC) data for the 

fuel-rich nickel nitrate – glycine system for the determination of the apparent activation energy. 

These authors suggest that the process consists of two stages. They assume that during the first 

stage, the decomposition of nickel nitrate and glycine release HNO3 and NH3, respectively. 

The exothermic reaction between these species has an activation energy of ~125 kJ/mol. The 

second stage is then attributed to the hydrogen reduction of NiO to form Ni, which has an 

activation energy of ∼110 kJ/mol.  

The DSC method only allows measurements with low heating (0.02 - 1 K/s) rates. This 

is usually not the case for SCS reactions, which have much higher heating rates (100-5,000 

K/s) for materials within the combustion wave [31]. González-Cortés and Imbert applied the 

Kissinger model to temperature-time histories (temperature profiles) for the nickel 
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nitrate−urea system [45]. After impregnating reactive solutions on alumina, the resulting solid 

mixture was heated at different rates (β = 0.016 - 0.166 K/s) to initiate the combustion. Such 

an approach allows for the manipulation of maximum combustion temperature (Tc) in the 578 

– 613 K range. The slope of the ln(β/T2) - 1/T graph yields the activation energy (176 kJ/mol).   

Several mathematical approaches proposed by Zenin et al. [46] and Boddington et al. 

[47] have been used for temperature profile analyses to measure kinetic data in the CS 

processes. The method proposed by Zenin et al. uses the heat balance equation for self-

sustaining reactions and utilizes the initial stages of the temperature profile. In order to 

determine the activation energy, the temperature profiles, combustion velocity, and the degree 

of conversion should be varied either by diluent (typically the product of the combustion 

reaction) or the preheating of the reactants to the ignition temperature of the system. The heat 

of reaction, the heat capacity, the thermal conductivities of products and reactants, along with 

the sample density should be accounted for in the calculation of the degree of conversion. 

However, these thermophysical parameters cannot be readily obtained for SCS systems, which 

makes the use of this approach challenging.  

The combustion profile analysis method proposed by Boddington et al. utilizes the heat 

balance equation, which also includes the heat-transfer coefficient [47,48]. This approach 

employs the more advanced stages of the temperature profile (final stages of conversion). The 

use of this method in CS is preferable since there is no need for determination of the 

thermophysical parameters. Marinšek et al. applied this approach for a combustible citrate–

nitrate system to produce NiO–Y2O3–ZrO2 [49]. The different quantities of alumina additions 

to the precursor enable manipulations of the combustion temperatures and wave propagation 

velocities. Such an approach yields an apparent activation energy of 61.4 kJ/mol. Marinšek 

also used this technique to determine activation energy (31.8 kJ/mol) for a similar system to 

produce a complex La- and Sr-based perovskite [50]. The validity of this model to describe the 
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kinetics of SCS reactions is questionable. It assumes that the combustion velocity, heat 

capacity, thermal conductivity, and density are constant during the combustion wave 

propagation [47,48].] Unlike the CS processes, the thermophysical parameters and densities of 

samples change during the SCS reactions. Moreover, in SCS reactions, drastic local 

temperature oscillations occur due to rapid gas release and a substantial increase in porosity. 

These conditions require smoothing of the temperature profiles before obtaining their first and 

second derivatives to compute the degree of conversion [49]. The use of such smoothing 

algorithms significantly influences the precision of measured activation energy values.   

Correlating of the maximum combustion temperature (Tc) and the combustion wave 

propagation velocity (Vc) is a more broadly used approach for determining the activation 

energy (E) of the CS reaction [43,51–53].  Zeldovich and Frank-Kamenetsky first developed a 

model correlating velocity and temperature for one-dimensional combustion wave propagation 

in gaseous systems. Merzhanov and Khaikin later adopted this model for solid-state systems 

[54,55]. The approach uses the following relationship:    

𝑉𝑉2

𝑇𝑇𝑐𝑐2
= 𝑓𝑓(𝜂𝜂)𝐾𝐾0𝛼𝛼

𝑐𝑐
𝑄𝑄0

𝑅𝑅
𝐸𝐸

exp (− 𝐸𝐸
𝑅𝑅𝑅𝑅𝑐𝑐

)                           (eq. 1) 

where f(η) is the kinetic law of the reaction, K0 is an arbitrary constant, α is the thermal 

diffusivity of the product, Q0 is the heat of reaction, and R is the universal gas constant. In the 

approximation of a narrow reaction zone, the f(η) is constant and the natural logarithm of this 

equation takes the following form:  

ln (𝑉𝑉
𝑇𝑇𝑐𝑐

) = 𝐴𝐴 − 𝐸𝐸
2𝑅𝑅𝑇𝑇𝑐𝑐

                                           (eq. 2) 

where the term A represents all constant values in narrow reaction zones. The slope of the 

ln(V/Tc) - 1/TC plot then allows for the determination of the activation energy. Multiple trials 

with different amounts of diluent are needed to generate combustion parameter datasets. The 
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use of either a pyrometer or thin thermocouples (inserted in the samples) allow necessary 

measurements of temperature profiles and wave propagation velocities.  

This work reports on a systematic study of the thermodynamics and kinetics of SCS 

reactions. The systems studied in this work involve Ni(NO3)2, an oxidizer, and either glycine 

(C2H5NO2) or hexamethylenetetramine (HMT, C6H12N4) as fuels. The use of the Gibbs free 

energy minimization principle allows for the simultaneous calculation of the Tad and the 

composition of equilibrium products. This calculation reveals the influence of the ϕ ratio, 

amount of water, and oxygen in air on the Tad and the composition of products. The measured 

combustion temperature and phase composition of products are compared with the results of 

thermodynamic calculations. Variations of drying times for solutions yield precursor gels with 

different water contents. This approach enables us to manipulate the combustion parameters 

and to determine the activation energies using the Merzhanov-Khaikin method. 

2. Experimental 

2.1. Thermodynamic Calculations  

Simultaneous calculations of Tad and composition of equilibrium products for the 

Ni(NO3)2 - C2H5NO2 - H2O and Ni(NO3)2 - C6H12N4 - H2O was conducted by THERMO 

software. For the determination of the equilibrium state, this program searches for the minimum 

of the Helmholtz or Gibbs free energy thermodynamic potentials accounting for the 

contributions of all initial reactants. THERMO contains a database that includes heat capacities 

(and their temperature dependencies) for possible gaseous and condensed phase products. For 

revealing the effect of ϕ ratio (changed from 0.1 – 3 range) the following two reactions were 

considered:   

𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 +
10
9 𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 +

5
2

(𝜑𝜑 − 1)𝑂𝑂2 = 𝑁𝑁𝑁𝑁𝑁𝑁 +
20
9 𝜑𝜑𝜑𝜑𝑂𝑂2 +

25
9 𝜑𝜑𝜑𝜑2𝑂𝑂 +

5𝜑𝜑 + 9
9 𝑁𝑁2 
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𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 +
5

18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 +

5
2

(𝜑𝜑 − 1)𝑂𝑂2 = 𝑁𝑁𝑁𝑁𝑁𝑁 +
5
3
𝜑𝜑𝐶𝐶𝐶𝐶2 +

5
3
𝜑𝜑𝐻𝐻2𝑂𝑂 +

5𝜑𝜑 + 9
9

𝑁𝑁2 

In the first set of calculations, the contribution of oxygen was accounted only for ϕ > 1, 

while in the second dataset, the contribution of oxygen was not considered. The parameter 

includes the number of H2O moles (n), which were varied between 0 to 6 in both datasets. The 

calculations were performed in a constant ambient pressure regime. The calculated Tad and 

molar quantities of major gases (CO2, CO, N2, NO, H2O, H2, O2, CH4, and NH3) and condensed 

products (NiO, Ni, and C) weare plotted as a function of  ϕ and n values.       

2.2. SCS experiments and Materials Characterization 

The reactants used in this study are nickel nitrate hexahydrate (Ni(NO3)2·6H2O; Alfa 

Aesar, 98%), glycine (Sigma, 99.5%), and HMT (Sigma, 99%). In the first set of experiments, 

the reactants with different φ ratios were dissolved in deionized water and mixed using a 

magnetic stirrer. The solutions were then heated on a hot plate to investigate the reactions in 

volume combustion mode. Several K-type thermocouples (100 μm diameter) were inserted in 

the solutions to record temperature-time profiles with a 600 Hz frequency of measurements. 

The solutions were preheated to the boiling point of the solvent (Figure 1A). The evaporation 

of water taked a long time and produced a gel-type substance. After evaporation of the solvent, 

combustion initiated in the entire volume of gel, and temperature rapidly rised from ignition 

point (Tig) to a maximum value (Tc) followed by the cooling stage. 

Combustion reactions in the self-propagating mode were utilized for calculations of 

activation energies. The reactive solutions were prepared first by dissolving an oxidizer and 

fuel with appropriate φ ratios in deionized water and thoroughly stirred. The obtained solutions 

were poured into a boat (50 mm in length, 10 mm width, and 10 mm height) and dried at 373 

K for the different durations (3-7 h) to evaporate the solvent and produce the gels. It is to be 
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warned that gels with C6H12N4 react very vigorously. The drying temperature should not 

exceed 400 K to prepare such gels. The combustion reaction was initiated by the local 

preheating of gels in the air by a resistively heated tungsten wire. After initiation, the reaction 

propagated through the gels in the form of a moving combustion wave. Several thermocouples 

inserted inside the reactive gels allowed recording the time-temperature profiles of the process. 

The front propagation velocities were determined by dividing the distance between 

thermocouples (D) to temporal distance between thermocouple signals (τ, see Figure 1B). In 

most cases, the uncertainty of the measured data for combustion temperature and velocity are 

1-2 % and 5-8 %, respectively.   

The phase compositions of the products were investigated by X-ray diffraction (XRD) 

using D8 Advance (Bruker) diffractometer operated at 40 kV and 40 mA with Cu Kα radiation. 

Step-scan size of 0.02° and counting times of 3 s were recorded for the angular range of  

20−80°. A Magellan 400 (FEI) scanning electron microscope (SEM) is employed to 

characterize the morphology of the SCS products. The nitrogen adsorption-desorption analysis 

(at 77K) is performed to measure the specific surface area of the products using the ASAP 2020 

instrument (Micromeritics). Before this analysis, the samples were vacuum degassed at 380 K 

for 6 h. 

3. Results 

3.1. Thermodynamics  

Figure 2 shows the results of the thermodynamic analysis for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 +

10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 5

2
(𝜑𝜑 − 1)𝑂𝑂2 + 𝑛𝑛𝐻𝐻2𝑂𝑂 system. In this calculation, oxygen was accounted only 

for ϕ > 1 system. The n value was changed from 0 to 6 moles to model the maximum number 

of water in the nickel nitrate hexahydrate. The general trend is that an increase in the ϕ value 
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results in gradual increase of Tad at any water content in the system. The highest calculated Tad 

is 2480 K with ϕ = 3 and n=0.  

Figure 2 also shows concentration plots for primary products of the reaction. The 

equilibrium quantities of CO2 and N2 along with water vapor (not shown) increase with 

increasing ratio of ϕ for every given value of n. The oxygen concentration is steadily decreasing 

with increasing  ϕ values all the way to ϕ~1. The oxygen content has minimal values at the 

darker blue area on the level plot. Fuel-rich system (ϕ>2) with a small amount of water (n<3) 

yields slightly higher concentrations of oxygen. Although molecular nitrogen is dominant in 

most products, some NO also forms in the fuel-rich system. The same trend is also true for CO, 

even though the CO/CO2 ratio is almost five times greater than the NO/N2 one. The gas 

products for the fuel-rich system also contain a small quantity (up to 0.19 mole) of hydrogen.  

The level plots indicate that NiO is the main solid product of the reaction for large ϕ 

and n parametric areas. Interestingly, NiO is present in every calculated product. Even the 

products for fuel-rich solutions (red area in Ni level plot, ϕ>2, n<3) contain some molten NiO 

along with Ni as the main product. The latter is also mostly in the molten state in this area, 

along with some vapor and solid nickel. The calculations also suggest that volatile NiOH (not 

shown) form when ϕ>2 and n<3 due to the high reaction temperature. The result of this 

calculation suggests that in the fuel-rich solution, the molecular oxygen incorporated into the 

system mostly favors the formation of NiO.  

To assess the influence of oxygen on equilibrium product composition, a set of 

calculations were conducted for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 + 10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 𝑛𝑛𝐻𝐻2𝑂𝑂 system. Figure 3 

summarizes the plot for Tad and products’ molar compositions. The results for ϕ≤1 are identical 

to the case of Figure 2 for the same ϕ ratios. These calculations indicate a different behavior 

for Tad for solutions with ϕ>1. The highest adiabatic temperature (2000 - 2230 K) can be found 
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in the vicinity of ϕ≈1 when n≈0 (red area on the Tad plot). In most other cases, the temperature 

gradually decreases with increasing both variables. The concentrations of CO2 and N2 along 

with water vapor (not shown) also gradually increase with the growth of ϕ ratio in the given 

value of n parameter. NO gas in small quantities also forms, and its formation correlates well 

with the combustion temperatures. The higher the temperature, the higher the quantity of NO 

in the products. Unlike the previous case, the fuel-rich system forms considerable quantities of 

reducing gases (CO, H2, NH3, and CH4). The highest amounts of CO and H2 are found in the 

fuel-rich system when n≈0. In contrast, the highest concentrations of CH4 and NH3 are observed 

at n≈6. Nickel is the sole solid product of the system when 1.2<ϕ<2.8, as the reaction 

temperatures are below its melting point. Figure 3 suggests that some carbon also forms along 

with Ni when ϕ>2.8.   

The results of the similar calculations for  𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 + 5
18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 + 5

2
(𝜑𝜑 − 1)𝑂𝑂2 +

𝑛𝑛𝐻𝐻2𝑂𝑂 and  𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 + 5
18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 + 𝑛𝑛𝐻𝐻2𝑂𝑂 systems are summarized in Supplementary 

Figures S1 and S2, respectively. In general, trends are similar to the glycine case. The 

significant difference is that the adiabatic temperatures are ~300 K higher for the HMT-

containing systems. This causes some differences in product distributions. For example, the 

quantities of volatile NiOH are higher in some cases, which alerts the Ni/NiO ratio. The same 

is true for CO/CO2 and NO/N2 ratios.  

3.2. Experimental validation of thermodynamic calculations  

To validate the thermodynamic results, we measured the maximum temperature values 

(Tc) of combustion profiles in volume combustion mode. Several trials were conducted to 

obtain the average value of Tc as a function of  ϕ ratios. Figure 4 shows the behavior of Tc as a 

function of  ϕ for both fuels (blue data points). Figure 4A shows that for glycine-containing 

solutions, Tc gradually increases from ~500 to 1250 K when ϕ increases from 0.3 to 1.25. 
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Further increase of the ϕ ratio to 3 results in a steady decrease in the combustion temperature 

to ~750K. Solutions with higher ϕ ratio do not react in self-sustaining mode. 

Figure 4 also illustrates two sets of values for Tad with different amounts of water (n, 

moles) in the system. One set of data (dashed lines) models the case for the presence of 

molecular oxygen from the air. In contrast, the set of solid lines represents the case when the 

oxygen was excluded for calculating Tad. Benchmarking the measured Tc data against these 

types of calculations, we can suggest that the Tc behavior is similar to the calculated Tad when 

molecular oxygen was excluded from the system. However, the peak temperature is 

experimentally observed at a ϕ ratio of 1.25, while the maximum values for the adiabatic 

temperature are at ϕ=1.  

The temperature profiles for glycine-contained solutions reveal that the ignition 

temperature of the process is 440±10 K for all ϕ ratios. Early reports on DSC data [56,57] show 

that nickel nitrate hexahydrate releases almost four molecules of water at 430-450 K. These 

facts suggest an n value of ~2 before the ignition of the combustion process. Comparing Tc 

with Tad calculated at n=2, we can see that the difference is almost 500 K. Such significantly 

low values for combustion temperatures can be attributed to thermal losses during experiments.  

There is, however, an even more significant deviation of Tc form Tad values for the 

HMT-containing system (Figure 4B). Taking into account that the ignition temperature is 

470±10 K, the gels could contain 1-2 moles of bound water. Based on this, we estimate that 

difference between Tc and Tad can be as high as 900 K for most of the  ϕ ratios (Figure 4B). 

Such a significant deviation from adiabatic conditions can be related to the fact that the 

combustion process for the HMT-based solutions proceeds more vigorously than glycine-

containing solutions. Another difference in the HMT system is the absence of a clearly defined 

peak temperature for Tc - ϕ plot.   
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We also compared the compositions of analyzed solid-state products for both systems 

with the thermodynamically predicted compositions. XRD patterns for products of fuel-lean (φ 

≤ 1) glycine-containing solutions consist of mainly NiO (Figure 5A), while fuel-rich solutions 

(φ ≥ 1.25) results in Ni phase. This result is in good agreement with the thermodynamically 

predicted composition of products for the case of the exclusion of the molecular oxygen from 

the calculations (Figure 3).   

XRD analysis of products for HMT-containing solutions shows a different trend. Fuel-

lean solutions (φ <1) results in pure NiO, whereas at the 1 ≤ φ < 2 range, the Ni-NiO composites 

form as products (Figures 5B and S3). Nearly pure-phase Ni can be obtained only at φ ≥ 2 

(Figure 5B). These results are in disagreement with both cases of thermodynamic simulations 

presented in Figures S1 and S2. Such disagreements could be related to the fact that the 

combustion of HMT-containing solutions proceeds vigorously, which seemingly forms 

products far away from equilibrium conditions.  

SEM images of the selected product for combusted solutions also reflect differences in 

the combustion behavior of both fuels. NiO formed at the combustion of glycine-lean (φ = 

0.75) solution exhibit a porous structure with sub-micrometer size pores (Figure 6). The sizes 

of individual grains are below 100 nm. At φ = 1.25, the product is less porous and contains 

irregular-shaped grains with sizes of 50 – 200 nm (Figure 6). SEM images for HMT-derived 

combustion products exhibit different microstructures. Both HMT-lean and HMT-rich 

solutions result in products with large agglomerates of fine nanoscale particles with sizes below 

100 nm.  

 Surface area measurements of product powders also show significant distinctions for 

both fuels. NiO produced by combusting glycine-lean solution has a 6.5 m2/g surface area, 

while for NiO obtained from the HMT-lean solution, this parameter is 31.3 m2/g. The surface 
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areas for Ni prepared by glycine- and HMT-rich solutions are 0.39 and 4.87 m2/g, respectively. 

Table 1 summarizes the combustion temperatures for some solutions and surface areas of the 

corresponding materials. Combustion temperatures for HMT-based solutions are lower than 

for glycine solutions. Low reaction temperatures for HMT fuel results in a higher specific area. 

However, temperature differences alone may not be enough to explain such sizeable 

microstructural differences. Therefore, the role of specific durations for the reactions and gas 

release rates could become an essential factor in determining the products’ microstructural 

features.   

3.3. Kinetics of the Processes  

To measure the combustion wave velocities and determine the activation energies, we 

use the self-propagation mode of SCS reactions. Four types of gels with different quantities of 

water were prepared by drying solutions with different times (3-7 h) at 373 K. The combustion 

reaction was initiated by the local preheating of gels, and temperature profiles, as well as the 

wave propagation velocities, were measured using thermocouples.  

Figure 7 summarizes the combustion temperatures and wave propagation velocities as 

a function of drying time for all types of gels. The general trend for all four gels is that 

increasing the drying time increases both Tc and V. An exception is an HMT-rich gel (φ=2.25) 

prepared by seven hours of drying (Figure 7B). Such a decrease related to the fact that HMT-

gels react vigorously. In these cases, the reacting samples lose their integrity due to the local 

eruptions, which could slow the wave propagation. Figure 7 shows that the wave propagation 

velocity for the HMT system is, on average, 3-4 times higher that of glycine gels. This fact 

points out that the specific reaction times for HMT-based gels are significantly shorter than 

glycine-containing gels. Another difference is that the combustion temperature for fuel-rich 
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systems forming nickel is higher for the glycine in contrast to HMT. For the fuel-lean system 

producing NiO, the opposite trend is observed (Figure 7). 

Variation of drying times allows for obtaining precursor gels with different water 

content. This approach enables the manipulation of the combustion parameters and 

determination of the activation energies for different systems using the Merzhanov-Khaikin 

method. The measured combustion parameters are used to construct Arrhenius-type plots of 

ln(V/Tc) against 1/Tc for four solutions (Figure 8). These plots indicate the existence of a linear 

relationship between the combustion parameters across a wide temperature range (150-300 K). 

Linear fitting of these data points allows determining the activation energies for NiO and Ni 

formation processes for two fuels (Figure 8 and Table 1). 

4. Discussion  

The commonly used method [58–61] for the thermodynamic consideration of SCS 

processes that allows predicting the magnitude of the temperatures during an adiabatic process  

uses the principle of equality of enthalpy for the final products (Δ𝐻𝐻𝑝𝑝
0) at Tad and the enthalpy 

(𝐻𝐻0(𝑇𝑇0)) reactants in the initial temperature (T0):  

�Δ𝐻𝐻0(𝑇𝑇0) = � Δ𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝0 (𝑇𝑇𝑎𝑎𝑎𝑎) 

This principle allows deducing a simple relationship 

𝑇𝑇𝑎𝑎𝑎𝑎 = 𝑇𝑇0 +
Δ𝐻𝐻0

𝐶𝐶𝑝𝑝
 

where CP is the temperature-dependent heat capacity (mean value) at the T0 - Tad range. The 

previous works using this approach assume that only CO2, N2, H2O, and metal oxide products 

form during SCS. Besides, it assumes that the solid-state product does not melt below Tad as 

no enthalpy of melting is incorporated in the equation. These calculations also assume that no 

side reactions take place and that a stoichiometric reaction occurs during the process.  
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The thermodynamic modeling approach used in the present work determines the 

equilibrium state and Tad simultaneously in a sizeable parametric space. Our calculations are 

based on the search of the minimum value for the Gibbs free energy accounting for all 

contributions of the oxidizer, fuel, and solvent. The calculations reveal that at different φ ratios, 

CO, CH4, NH3, NO, as well as gas-phase nickel hydroxides along with Ni, NiO, CO2, N2, and 

H2O form. This in-depth knowledge of realistic equilibrium compositions is valuable in the 

optimization of the processes for the preparation of materials in larger scales.    

However, there is a significant deviation in measured Tc and calculated Tad values, 

especially for solutions with HMT fuel. Such deviations suggest that in some systems, SCS can 

proceed far from thermodynamically predicted equilibrium conditions. Alternatively, there 

should be other processes that we cannot account in the calculations.  The composition of solid-

state material obtained with glycine fuel are in a good agreement with thermodynamically 

predicted products. For HMT-based solutions, the product compositions differ from 

calculations. We can assume that the rapid release of a significant amount of gas reduces the 

reaction temperature within the wave. Such a decrease, in turn, influences the composition and 

morphology of the resulting material. The practical benefit of such differences is that by a 

simple change in fuel type, one could significantly tailor the morphology and properties of 

reaction products.   

This work also presents the first use of the Merzhanov-Khaikin approach to determine 

the activation energy of SCS processes. Our results show that higher activation energies 

characterize reactions in fuel-lean systems that produce the NiO. For example, in the glycine-

containing solutions, the activation energy for NiO formation is almost twice as high as the one 

forming Ni. This result is qualitatively in agreement with the earlier reported activation energy 

by Kumar et al. using the Kissinger-based treatment of DSC results. The differences between 

energies for Ni and NiO synthesis in the HMT-based gels are not as high as the ones involving 
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glycine. The uncertainties of activation energy determination in HMT-based system are also 

higher due to the measurement uncertainties of the combustion parameters. Nevertheless, in 

both fuels, the activation energies for Ni formation processes, are lower.   

The effective (apparent) activation energies reported in this work characterize 

macroscopic kinetics of the combustion even if accounting for heat and mass transfer 

processes. However, we can assume that the determined energy values could be correlated with 

some rate-limiting stages in the sequence of reactions that are responsible for the combustion 

wave propagation. Previously reported works suggest several possible mechanisms of SCS. 

For example, in Ni(NO3)2 + glycine system, the highly exothermic reaction between the 

decomposition products of oxidizer and fuel (N2O and NH3, respectively) could be responsible 

for the combustion wave propagation in fuel-lean solutions [57]. On the other hand, the 

availability of these gas-phase intermediates primarily depends on the decomposition rates for 

the initial reactants. The activation energy for decomposition of “anhydrous nickel nitrate” 

(prepared by the isothermal heating of the Ni(NO3)2 ·6H2O at 423 K) in  air was found to be in 

the 143.1 - 152.8 kJ/mol range [62]. The activation energy for glycine decomposition in 

nitrogen is 158.29 kJ/mol [63]. We can suggest that such high values make the reactants’ 

decompositions rate-limiting stages, which could be translated into relatively higher activation 

energies for the combustion of fuel-lean systems.  

The decomposition of a coordination complex compound was also identified as another 

mechanism for the combustion of the Fe(NO3)3 + HMT fuel-rich gels [8]. In fact, a complex 

compound, (NO3)2Ni(H2O)6(HMT)2·4H2O, between nickel nitrate and HMT was isolated 

earlier [64]. Thermal decomposition of this material is exothermic, and the process 

accompanies a rapid release of CO, N2, and H2O gases at 323 - 550 K. The decomposition 

product of this complex is Ni with some carbon impurities. Based on these facts, we can suggest 

that the ignition of the combustion process and kinetics of fuel-rich mixtures may be 



17 
 

determined by the thermal decomposition features of such coordinated compounds. We can 

also postulate that decomposition of complexes could be characterized by relatively lower 

activation energies. Indeed, the intramolecular redox reaction involving nitrate and amine 

groups would require lower activation energies in contrast to the decomposition of individual 

reactants. We can suggest that in both systems, with fuel-rich gels, the decomposition of such 

coordinated compounds are responsible for lower activation energies (Figure 8). The rapid 

nature of the SCS method makes the investigation of such molecular mechanisms a challenging 

task. Therefore, more researches are needed to explore those mechanisms and reveal their 

relations to the kinetics of combustion processes.   

Conclusions        

This work presents a systematic investigation of thermodynamics and kinetics of SCS 

reactions in systems that involve nickel nitrate, as an oxidizer, and either glycine or 

hexamethylenetetramine as fuels. The use of an approach based on Gibbs free energy 

minimization principle allowed for accurate thermodynamic modeling of systems. These 

calculations reveal the effects of fuel-to-oxidizer ratio, oxygen in the air, and water quantities 

of adiabatic combustion temperatures and equilibrium compositions of product in a sizable 

parametric space. The experimental investigations show significantly lower measured 

combustion temperatures in comparison to calculated adiabatic combustion temperatures 

resulting from heat losses. Compositions of analyzed NiO or Ni products for glycine-containing 

solutions revealed good agreement with the thermodynamically predicted composition of 

products for the case of the exclusion of the molecular oxygen from the calculations. In HMT-

based solutions, nickel can be obtained in much higher fuel-to-oxidizer ratios compared to 

thermodynamic predictions. This deviation is related to rapid gas-phase product removal from 

the combustion zone, which forms products far away from equilibrium conditions. The use of 

the Merzhanov-Khaikin approach to determine the activation energies reveals that the 
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combustion of fuel-lean solutions is characterized by higher activation energies than the fuel-

rich cases. Reduction in activation energies due to the increase in the fuel-to-oxidizer ratio 

could be related to changes in the rate-limiting stages from the endothermic decomposition of 

individual reactants to exothermic decomposition of coordinate compounds formed between 

the reactants.  
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Table 1:  
Combustion temperature, phase composition, specific surface areas, crystallite sizes 
determined by Scherrer equation of selected products and activation energy of SCS 

processes 

Fuel φ Tc, K Surface 
area, m2/g 

Composition  Crystallite 
size, nm 

Activation 
energy, kJ/mol 

Glycine 0.75 900 6.5 NiO 78 107±13 
1.25 1305 0.39 Ni 105 54±8 

HMT 0.75 750 31.3 NiO 23 140±18 
2.25 870 4.87 Ni 69 110±25 
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Figure captions 

Figure 1: A typical temperature - time profile for Ni(NO3)2 + C6H12N4 + H2O system (A) 
solution reacted in volume-combustion (A) and self-propagating (B) modes to measure 
maximum combustion temperature (Tc)  and the wave propagation velocity (V), where D is the 
distance between thermocouples in cm and τ is the temporal distance of thermocouple signals 
in seconds.  

Figure 2: Two-dimensional level plots for Tad and equilibrium product for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 +
10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 5

2
(𝜑𝜑 − 1)𝑂𝑂2 + 𝑛𝑛𝐻𝐻2𝑂𝑂 system depend on ϕ ratio and n (number of moles for 

H2O).  

Figure 3: Two-dimensional level plots for Tad and equilibrium product for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 +
10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 𝑛𝑛𝐻𝐻2𝑂𝑂 system depend on ϕ ratio and n values. Oxygen was not accounted. 

Figure 4: Maximum combustion temperature (Tc, blue data points) versus ϕ ratio for the 
𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 + 10

9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 (A) and 𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 + 5

18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 + 5

2
(𝜑𝜑 − 1)𝑂𝑂2 +

𝑛𝑛𝐻𝐻2𝑂𝑂 (B) systems. Plots also include calculated Tad values (solid and dashed lines). 

Figure 5: XRD patterns of products for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 + 10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 (A) and 𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 +

5
18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 (B) prepared with different ϕ ratios. 

Figure 6: SEM images of products for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 + 10
9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 and 𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 +

5
18
𝜑𝜑𝐶𝐶6𝐻𝐻12𝑁𝑁4 systems prepared with different ϕ ratios. The scale bar is 500 nm for all images. 

Figure 7: Maximum combustion temperature (Tc) and wave propagation velocity (V) versus ϕ 
ratio for the 𝑁𝑁𝑁𝑁(𝑁𝑁𝑂𝑂3)2 + 10

9
𝜑𝜑𝐶𝐶2𝐻𝐻5𝑁𝑁𝑂𝑂2 + 𝑛𝑛𝐻𝐻2𝑂𝑂 (A) and 𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)2 + 5
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(B) gels. 

Figure 8: Linear fitting of the ln(V/Tc) – 1/Tc plots to extract effective activation energy  

 

 

 

 

 

 

 


