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Abstract 

Solution Combustion Synthesis is a versatile method for the production of various materials 

directly at the nanoscale. The main source of heat comes for the exothermic combustion 

reactions that take place once the water in the solution has evaporated, so it is a self-

sustaining thermal synthesis process. It is already widely used to prepare catalysts for 

laboratory and industrial purposes, due to the advantages it offers. This research project has 

been designed to study and enable the clarification of the mechanisms of reactions that take 

place during the production of Solution Combustion Synthesis catalysts based on nickel. 

Furthermore, the hydrogenation of maleic acid toward the as-synthesized catalysts was 

investigated to outline the catalysts properties and behaviour during catalysis.  

However, SCS is a very sensitive synthesis approach and in this work an effort was made to 

investigate the main parameters that influence the final products’ composition and properties.  

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and aluminium nitrate nonahydrate 

(Al(NO3)3·9H2O) were used as oxidizers and glycine as the reducer. In most cases distilled water 

was added to the initial gel mixture to facilitate mixing prior to SCS. The parameters that were 

investigated during this work were:  

 water quantity in the initial SCS mixture 

 pre-treatment of water used in the initial SCS mixture 

 duration of heated stirring as a pre-treatment for SCS initial solution 

 fuel (reducer) to oxidizer ratio and total fuel concentration in the initial SCS mixture 

 preheating temperature in correlation to a computational model  

 heating mode during SCS and  

 time in furnace after SCS was completed.  

This research work targeted in the investigation of the role of water in producing Ni-based 

nanopowders using SCS. More specifically, nanopowders were produced using Ni(NO3)2, 

glycine as a fuel and distilled water as a diluter. Different amounts of distilled water were 

added in that initial batch, in order to find the influence of the degree of dilution on the 

composition of the final products. In this work it was found for the first time that the initial 

concentration of nitrates in the aqueous solution affects the characteristics and properties of 

Ni-based catalysts including their final composition, crystallite size and parameters of crystal 
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lattice, pores size distribution and surface area. In addition, the relative amount of water in the 

initial aqueous solution appears to have a substantial effect on their catalytic activity in maleic 

acid liquid phase hydrogenation. The underlying mechanism for this effect appears to be the 

prolonged persistence and delayed decomposition of hydrates that form during the early 

preheating stages of SCS. This is especially significant for structure-sensitive catalytic reactions, 

such as catalysis in the liquid-phase. 

The structure, composition, surface area and catalytic activity of Solution Combustion 

Synthesis (SCS) catalysts are all influenced by the conditions of preparation and in particular, 

the glycine concentration in the initial SCS solution. Regular three-dimensional (3D) flowerlike 

Ni-NiO hierarchical architectures were synthesized by SCS. The results have revealed a three-

dimensional percolation network with hierarchical structure on the basis of nano-structured 

metal oxides and metals synthesized during SCS. Such hierarchically nanoporous catalysts have 

versatile structural properties such as increased surface area and large overall pore volume 

that can alleviate diffusional limitations of conventional nanocatalysts with solely microporous 

frameworks. The three-dimensional percolation-like network and hierarchical structure of 

nano-composites on the basis of metal oxides and metals obtained by combustion in solutions 

provides a distinct possibility of increasing the selectivity and activity of such catalysts. 

Some of the as-synthesized catalysts were tested for catalytic liquid-phase hydrogenation of 

unsaturated hydrocarbons in order to investigate the effect of the synthesis parameters on the 

catalysts’ catalytic behaviour. It was concluded that all the parameters above influence the SCS 

process in a complex way and subsequently the final products’ composition and activity in the 

hydrogenation process. The results revealed that the presence of Ni-Al alloys in the final SCS 

catalytic structure enhances significantly their catalytic performance. Moreover, in the 

Ni(NO3)2-glycine system the presence of NiO in the final product composition is crucial, as it 

acts as a carrier for the metallic nickel, and in its absence the catalysts is almost inactive. 

The results of this extensive research of various parameters that were investigated 

enlightened the underlying mechanisms of SCS and exhibited its complex nature. In conclusion, 

SCS can be used to synthesize nano-catalysts with specific properties and offers notable 

advantages over other methods of producing catalysts. 
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Part A 

1. Catalysis 

1.1. Introduction 

Catalysis is of crucial importance for the chemical industry. This is demonstrated by the fact 

that approximately 85–90% of all chemical products require a catalytic step during the course 

of production.[1] Figure 1.1 represents applications of catalysis in industry. In the last few years, 

there is a growth of catalytic applications concerning the environment. 

 

Figure 1.1. Global catalyst market (adapted from [2]). 

Catalysis is the process of increasing the rate of a chemical reaction due to the participation of 

an additional substance called a catalyst. The catalyst is not consumed in the catalytic reaction 

and can be used repeatedly. 

Depending upon whether a catalyst exists in the same phase as the substrate catalysts can be 

classified as heterogeneous and homogenous catalysts, while biocatalysts (enzymes) are often 

considered as a separate group. There is a vast variety of catalysts applied in industry, which 

come in various forms, from heterogeneous catalysts in the form of porous solids to 

homogeneous catalysts dissolved in the liquid reaction mixture to biological catalysts in the 
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form of enzymes. Figure 1.2 shows a schematic representation of a catalytic reaction between 

two molecules A and B with the involvement of a catalyst. [1] 

 

Figure 1.2. Catalytic circle. [1] 

1.2. The modes of catalysis 

1.2.1. Homogeneous catalysis 

In case of homogeneous catalysis, a catalyst is in the same phase as the reactants. Three types 

of homogeneous catalysis are usually considered: gas phase, acid-base, and by transition 

metals. One common example of catalysis in the gas phase is the decomposition of ozone (O3) 

into oxygen (O2), which is catalyzed by  chloroflourocarbons (CFCs), Volatile organic 

compounds (VOCs), or nitric oxide (NO).[3] 

Figure 1.3 demonstrates a catalytic cycle containing Cl and ClO; thus, formally ozone 

destruction has a chlorine catalytic cycle. For gas-phase catalytic reactions, usually the catalyst 

should have a radical nature with a relatively low value of activation energy in order the 

catalytic complex to form. [1] 
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Figure 1.3. Desruction of ozone layer by CFCs. [1] 

1.2.2. Heterogeneous catalysis 

Roughly 90% of all catalytic processes in chemical industry are heterogeneous catalytic 

reactions. Various types of solid materials are employed to catalyze a variety of reactions in 

the gas or liquid phase.  

In heterogeneous catalysis, the phase of the catalyst differs from the phase of the reactants. 

Heterogeneous catalysis typically involves solid catalysts and gaseous reactants. 

Heterogeneous catalytic processes involve three stages: (i) adsorption of the substrate on the 

catalyst, (ii) the catalytic reaction (itself often a sequence of catalytic steps), and (iii) 

desorption of the products. The catalyst after desorption should be found in the same state as 

it was before adsorption and ready to be employed in the next catalytic reaction. Ideally, it can 

catalyze thousands of subsequent reactions, called catalytic cycles. Mechanisms in which the 

catalyst is not recycled are not considered catalytic.[4] 

The catalytic properties of activity, selectivity and stability are closely related to the catalyst 

composition. Most catalysts have multiple components and have a complex composition (Fig. 

1.4). Beside the active agent itself, catalyst components could possibly include a support, a 

promoter, and an inhibitor. The active agent causes the main catalytic action and without it, 

the catalyst has no effect. The promoter is added into the catalyst to enhance the activity, 

selectivity or stability for the extension of the catalyst life. On the other hand, an inhibitor is 
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the opposite of a promoter. When added in small amounts, it diminishes activity, selectivity or 

stability and is used for the reduction of the catalyst activity for an undesirable side reaction.[5] 

Moreover, metal catalysts are not usually used in their bulk form, but dispersed on a substrate 

(support) with high specific surface area, such as Al2O3 or SiO2. Occasionally, the metal and the 

support both exhibit catalytic activity (referred to as bi-functional catalysts). An example is 

platinum dispersed on alumina support employed in gasoline reforming.[1] 

 

Figure 1.4. Classification of catalytic materials. [1] 

In all heterogeneously catalyzed processes, in order for the catalytic reaction to proceed, at 

least one of the reactants must be attached for a significant period of time to the exterior 

surface of the solid catalyst. Thus, two distinct mechanisms can arise in the surface-catalyzed 

transformation of gas-phase species A and B to a product C, as shown on Figure 1.5.[6] 

 

Figure 1.5. Two possible ways in which heterogeneous catalysis proceeds at a surface: the 

Langmuir–Hinshelwood mechanism (a) and the Eley–Rideal mechanism (b). [6] 
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In the first case (a), both species are bound to the surface and atomic reorganization takes 

place in the resulting adsorbed layer (the so-called Langmuir–Hinshelwood mechanism of 

heterogeneous catalysis). The other case (b) involves the attachment of only one of them on 

the catalytic surface, which is converted into product when the other impinges upon it from 

the gas phase (the Eley–Rideal mechanism). In the literature it is highlighted that the first of 

these mechanisms is more frequent than the second and that the distinction between them is 

sometimes blurred. [6] 

To summarize, both heterogeneous and homogeneous catalysts play important roles in the 

chemical industry. Heterogeneous catalysts are more widely used in industrial processes than 

homogeneous catalysts due to their wider scope, the higher lifetime and the easy recycling. 

There are no homogeneous catalysts as yet for cracking, reformation, ammonia synthesis, etc. 

Nevertheless, homogeneous catalysts, due to their high selectivity, are becoming increasingly 

significant for the manufacture of tailor-made plastics, fine chemicals, pharmaceutical 

intermediates, etc.[3] 

1.3. Mechanism of Catalysis  

The following theories are proposed to explain the mechanism of catalysis: 

Adsorption theory: 

According to the adsorption theory of catalysis, the reactants (in gaseous state or dissolved in 

a solution) are adsorbed on the solid catalytic surface. The increase of the reactants 

concentration on the surface of the catalyst results in the increase of availability and 

probability of the occurrence of a reaction between two species, and thus increasing the 

reaction rate. Also, as the reactants abide to the catalyst surface, an amount of energy is 

released due to the exothermic nature of the process. The released heat is used in the reaction 

between the two species, thus enhancing the reaction rate.[7] 

Intermediate compound theory: 

As per the intermediate compound theory of catalysis, the reaction that is desirable is 

accomplished with the formation of an intermediate compound and the following 

decomposition of that compound into the final products. [7] 
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Modern adsorption theory: 

The modern adsorption theory combines the old theory of adsorption to the intermediate 

theory of compound formation. According to this theory, the process of heterogeneous 

catalysis occurs in the following steps: 

 The reactants diffuse to the catalyst surface. In this process, the reactants, at first, get 

in contact with the external surface, out of which some of them cross the barrier and 

enter the interior exposed surface that includes paths and cracks on the external 

surface. 

 These molecules then become attached to the suitable sites available for adsorption. 

 The reactants, when adsorbed to the surface have a higher probability of reacting with 

each other, forming an intermediate compound, after the reaction. 

 After this process, the intermediate compound gets desorbed from the surface, which 

becomes available again for other molecules to adsorb. 

 The intermediate compound then disintegrates to form the final products, which then 

diffuse out of the internal pores and the external surface of the catalyst.[7] 

Energy activation theory: 

According to this theory, catalyst changes the value of activation energy which can be crossed 

by the reactants easily and consequently products are formed. Arrhenius suggested that 

reactions should overcome a certain barrier in order to proceed. The change in the Gibbs free 

energy between the reactants and the products ΔG does not change in case of a catalytic 

reaction; however, the catalyst provides an alternative path for the reaction. 

Moreover, the catalyst (heterogeneous, homogeneous, or enzymatic) affects only the reaction 

rate; it changes neither the thermodynamics of the reaction (Gibbs energy) nor the equilibrium 

composition. Thus, a catalyst can change kinetics but not thermodynamics of a reaction.[8] 

1.4. Catalyst deactivation 

Catalyst deactivation is a problem of continuous and increasing concern in the industrial 

catalytic processes. It involves the loss over time of catalytic activity and/or selectivity. The 

time scales for catalyst deactivation vary considerably; for instance, in the case of cracking 

catalysts, catalyst deactivation may occur in the order of seconds, while the iron catalyst used 
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in the synthesis of ammonia may last for 5–10 years. Nevertheless, it is inevitable that all 

catalysts will decay.[9] 

Typically, the loss of activity in a well-controlled process occurs slowly. However, process 

upsets or poorly designed hardware can bring about catastrophic failure. For example, 

operation of the reactor at extremely high temperatures must be avoided in steam reforming 

of methane or naphtha but the reactor should operate above a critical value of temperature at 

steam to hydrocarbon ratios.[9] 

There are many mechanisms of catalyst deactivation; nevertheless, they can be classified into 

six distinct categories, which are briefly defined in Table 1.1.  

Table 1.1. Mechanisms of catalyst deactivation [9] 

Mechanism Type Brief definition/description 

Poisoning Chemical 
Strong chemisorption of species on catalytic sites, thereby 

blocking sites for catalytic reaction 

Fouling Mechanical 
Physical deposition of species from fluid phase onto the 

catalytic surface and in catalyst pores 

Thermal degradation Thermal 
Thermally induced loss of catalytic surface area, support 

area, and active phase–support reactions 

Vapor formation Chemical 
Reaction of gas with catalyst phase to produce volatile 

compound 

Vapor–solid and solid–solid 
reactions 

Chemical 
Reaction of fluid, support, or promoter with catalytic 

phase to produce inactive phase 

Attrition/crushing Mechanical 
Loss of catalytic material due to abrasion 

Loss of internal surface area due to mechanical-induced 
crushing of the catalyst particle 

 

1.5. Nickel catalysts 

The nickel catalyst is employed in many chemical processes in industry and in organic synthesis 

because of its stability and high catalytic activity even at room temperature. The key 

characteristics of nickel used in hydrogen generation by steam reforming, in hydrotreating and 

hydrocracking, as well as in the hydrogenation of oils and fats, is its ability to absorb large 
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quantities of hydrogen, which therefore increases the efficiency of the catalytic reaction. In 

addition, nickel is a costly-efficient catalyst compared to competing materials of the platinum 

group, while nickel is more abundant than platinum. Nickel-based catalysts set out 

competition for major industries such as food and oil refining.[10] 

Despite palladium’s standing as the premier amongst transition metals, nickel has long found 

application in organometallic chemistry with Sabatier awarded the 1912 Nobel Prize in 

Chemistry for the nickel-mediated hydrogenation of ethylene. In the last decade, there is an 

increasing interest to investigate the advantages of nickel catalysts as compared to palladium. 

Whereas palladium catalysis typically cycles in even, two-electron manifolds Pd(0)/Pd(II) and 

Pd(II)/Pd(IV), the corresponding nickel(I) and (III) oxidation states are more easily accessed, 

creating a plethora of catalytic opportunities. Notably, nickel catalysts have found widespread 

application in tandem with stoichiometric organometallic reagents allowing reactivity 

manifolds such as asymmetric cross coupling of alkylelectrophiles to be realised. [10] 

The key advantages of nickel catalysts include: [11] 

 High performance in reactions for which other metals were not efficient; 

 Large variability of electronic states – Ni(0)/Ni(I)/Ni(II)/Ni(III); 

 New reactions and transformation beyond the known limits of other metals; 

 Facile activation and transformation of molecules that are chemically less reactive; 

 Excellent perspective in photocatalytic and hybrid catalytic cycles. [11] 

1.5. Hydrogenation processes 

Catalytic hydrogenation is among the most useful and widely applicable process for the 

reduction of chemical substances and is being widely employed in organic synthesis both in 

research laboratories and industrial applications.[12]The catalytic hydrogenation of multi-

functional molecules is alluring in many aspects. Hydrogenation is the main process in organic 

chemistry that the heterogeneous catalysts are applied and it is also used for the industrial 

synthesis of the so-called “fine chemicals”. The exhibited selectivity if the catalyst towards 

various functional groups provides significant information about the catalyst properties and the 

successive steps of the reaction mechanism.[13] In most industrial processes the hydrogenation 

takes place in the gas phase, while many countries such as China, liquid-phase hydrogenation is 

also frequently applied.[14] 



11 
 

The main parameters that have a significant influence on the hydrogenation reaction and its 

products are:[15] 

 The type of metal 

 The catalyst support 

 The metal concentration in the catalyst 

 The catalyst prereduction 

 The reaction temperature 

 The type of solvent (only for liquid-phase hydrogenation) 

Catalytic hydrogenation is used in the large-scale production of many chemicals, a very 

important example being ammonia, which is prepared via the Haber process of hydrogenation 

of nitrogen.[16] In food processing, one of the best-known catalytic applications is the 

hydrogenation of fats using nickel catalysts to produce margarine.[17][18] 

1.5.1. Hydrogenation catalysts and applications 

There are two distinct types of hydrogenation catalysts, homogeneous and heterogeneous. 

Homogeneous catalysts are dissolved in a liquid media, forming one single phase. On the other 

hand, heterogeneous catalysts are categorized into two different types: those which are used in 

fixed-bed processing and those employed in slurry or fluidized-bed processing. In the first case, 

the catalyst is stationary and the reactants pass over it upward or downward. The employed 

catalysts are large particles in the form of cylinders, spheres, or granules. The second type of 

catalysts is fine powders which can be suspended readily in a liquid or gas. Fixed-bed processes 

are reported to be highly applicable for production in large scale, and indeed many bulk 

chemicals were synthesized by this approach. However, the vast majority of catalytic 

hydrogenations take place using slurry processing, since fixed-bed processing requires a 

dedicated unit, continuous production, invariant feed, large capital investment, and lengthy 

development to establish optimum conditions and adequate catalyst life. On the contrary, 

slurry processing allows variations in the substrate, multiuse equipment, easily changed 

reaction conditions, intermittent operation, and relatively quick development time. Moreover, 

the experiments in the laboratory scale are efficiently upgraded into industrial scale. [15] 

The vast majority of catalytic hydrogenations have been undertaken using heterogeneous 

catalysts since the earliest stages. They were further developed and widened the scope of 

catalytic hydrogenation, especially for highly selective transformations. Nevertheless, 
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heterogeneous catalysts have many advantages over homogeneous catalysts such as stability, 

easy separation from the product, ample variety of applicable reaction conditions, better 

catalytic performance toward the hydrogenation of hard-to-reduce functional groups such as 

aromatic nuclei and sterically hindered unsaturations and for the hydrogenolyses of carbon–

carbon bonds.[12] 

In many reports, group VIII metals (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt) have been used to produce 

hydrogenation catalysts [19]. For the hydrogenation of aromatic compounds, nitriles and 

organic acids have been reported, including polymer-stabilized colloidal noble metal clusters 

[20-21], supported noble metal catalysts [22-25], Raney nickel [26], nickel alloys [22] and amorphous 

alloys [27-28]. Ziegler-Natta type of catalysts is a more complicated group of hydrogenation 

catalysts. Their catalytic reactivity follows the sequence: Ni >> Co ≥ Cu >> Fe ≥ Cr > V for 

transition metal compounds combined with organometallic reducing agents [19].  

A broad variety of catalysts, such as Raney-nickel, so-called “amorphous Ni–B alloys” or Fe 

based catalysts are reported to exhibit exquisite catalytic characteristics for the liquid-phase 

hydrogenation of alkyne, although commonly harsh conditions are necessary, i.e., high 

temperature and pressure. Particularly in fine chemical production industry, mild conditions 

are preferred and thus, Pd is mostly the selected metal for alkyne hydrogenation.[29] 

Nickel-based catalysts 

Nickel-based catalysts are known to be active for a wide range of chemical reactions in various 

industrial processes. Reactions occurring in petroleum refining are particularly significant and 

include hydro-treating, hydro-cracking and hydro-processing [30]. Hydrogen production from 

ethanol (decomposition, steam reforming and oxidative steam reforming) is another important 

industrial process [31-33]. T. Wang et al. [34] studied a nanoporous nickel catalyst which exhibited 

remarkable catalytic activity in the reduction of a wide range of carbonates to produce formic 

acid in excellent yields with high selectivity. Ni-Al2O3 catalysts with metallic Ni loading were 

used for slurry phase CO methanation [35], while another study of the hydrodeoxygenation of 

eugenol demonstrated the efficacy of nickel-based catalysts [36]. J. Xiong et al. [22] tested 

different supports on nickel catalysts toward the hydrogenation of o-chloronitrobenzene, 

suggesting that titania was the most suitable in terms of activity and selectivity to o-

chloroaniline. Furthermore, attempts have been made to replace platinum partially or 

completely by transition metal compositions as anodes for alkaline fuel cells that would retain 
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performance in fuel cell electrodes without being too expensive. For example, N. 

Borchtchoukova et al.[37] found that Ni-based catalysts were suitable for replacing platinum. 

Finally, nickel-based catalysts proved to be useful in selective hydrogenation of medium or low 

distillate oil, in particular during the first-stage selective hydrogenation process of pyrolysis 

gasoline distillation [38].  

The use of nickel as a hydrogenation catalyst is apparent if one considers nature.The 

hydrogenase enzymes employ of the widely available transition metals nickel and iron as 

catalysts toward the activation of dihydrogen or the protons reduction. The hydrogenase 

enzyme that contains nickel is not able to perform the hydrogenation of organic substrates, 

but it can activate dihydrogen at atmospheric pressure and ambient temperature.[39] 

It is commonly established that the selective hydrogenation of C=C, C=O, and C=N bonds is 

feasible using Ni or Co metals. Kalyon et al. [40] investigated the liquid-phase hydrogenation of 

citral in n-hexane at different temperatures using the nanoscale borides Co2B Ni7B3. They 

concluded that the cobalt boride preferentially hydrogenates C=O bonds, while the nickel 

boride is selective for C=C double bonds. 

It is widely acknowledged that alloys exhibit superior activity, selectivity and higher resistance 

to both sulfur and amine poisoning during numerous hydrogenation processes.[41-44] H. Li et 

al.[27] found that Ni-B amorphous alloy possessed comparable activity to that of Raney Ni but 

increased selectivity to ethylamine. Furthermore, their research revealed that Co-B amorphous 

alloy exhibited even higher selectivity to ethylamine despite its poor activity. Based on these 

findings, they manufactured a Ni-Co-B amorphous alloy with various Co/(Co+Ni) molar ratios, 

achieving higher activity and selectivity, when the molar ratio was equal and above 0.5. 

Moreover, X. Yan et al.[45] prepared a Fe-promoted Ni-P amorphous alloy catalyst and compared 

its catalytic performance to those of Ni-P, Fe-P and Raney Ni catalysts. They reported that the 

Ni-Fe-P catalyst showed superior catalytic activity and selectivity toward liquid-phase 

hydrogenation of m-chloronitrobenzene and p-chloronitrobenzene to corresponding 

chloroaniline. Another example of the alloys superior catalytic behavior in hydrogenation was 

provided by X. Chen et al.[46] They employed Ni-Al intermetallic compounds with different 

phases as catalysts for the hydrogenation of naphthalene to tetralin. It was suggested that NiAl 

is a highly active and selective catalyst with long-term stability and resistance to coking. 
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Generally, there are various catalysts employed in the ample variety of hydrogenation 

processes. Specifically, nickel and nickel-based catalysts are widely used in various 

hydrogenation reactions due to their high reactivity, easy availability and lower price. 

1.5.2. Liquid phase hydrogenation 

Liquid-phase hydrogenation mainly used for comparison of catalyst activity for gas-phase high 

temperature hydrogenation industrial processes, but there are some compounds, which can 

be produced at low temperature liquid phase hydrogenation in industry.  Hydrogenations in 

the aqueous phase of C–C triple bonds are extensively applied in the industrial manufacture of 

fine chemicals [47] and pharmaceuticals, for example for the production of Vitamin K or as final 

step in the Linalool synthesis.[48] After C–C-coupling by alkynylation of an organohalide or 

ketone, the occurred alkyne is semi-hydrogenated to the analogous alkene, although the 

complete hydrogenation to the alkane is undesirable.[29] Selective hydrogenation of aromatic 

ketones into the corresponding alcohols is of interest as the reaction products are broadly 

used as flavors and fragrances, as well as intermediates for the production of useful organic 

particles.[49] 

Moreover, liquid-phase hydrogenation is one of the most promising and often-used techniques 

in environmental applications, such as nitrate removal from drinking water without the 

production of waste water. Pintar et al.[50] studied an ample range of reactant concentrations 

and reaction conditions using Pd/Cu catalyst toward liquid-phase reduction. They also 

investigated the influence of the catalyst loading and the initial nitrate concentration on the 

reaction rate. The  catalyst  with  4.7  wt.-%  of  Pd  and  1.4  wt.-%  of  Cu  supported  by  γ-

Al2O3 showed  very  high  efficiency  for  nitrate  removal  and  high  chemical  stability  at  the  

experimental  conditions  tested.  The catalyst concentration and the initial reactant 

concentration appeared to have no influenceon the nitrate removal rate. 

Weerachawanasak et al. [51] conducted a comparative study for the interaction between Pd 

catalysts and micron-/nano-sized titania. The catalytic performance of the as-synthesized 

supported catalysts was evaluated during liquid-phase hydrogenation of phenylacetylene. The 

microstructural analysis revealed that the metal–support interaction was strong only for the 

nano-sized TiO2 supported Pd catalyst, but not in the case of the micro-sized TiO2. This strongly 

established interaction played a key role in the high catalytic performance of the supported Pd 

catalysts toward phenyl acetylene hydrogenation to styrene. 
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1.5.2.1. Kinetics of liquid-phase hydrogenation 

The kinetics of liquid-phase hydrogenation reactions were reviewed by U. K. Singh and M. A. 

Vannice with special emphasis on hydrogenation of α,β-unsaturated aldehydes [52]. The 

following aspects were highlighted by their research. 

 It is critical to ensure the absence of all transfer limitations. 

 The way that the solvent influences the heterogeneously catalyzed hydrogenation 

reactions is not well understood, but it was concluded that these effects can affect 

reaction kinetics through bulk fluid-phase interactions as well as by competitive 

adsorption with the reactants. Nonetheless, it was indicated that in the case of quasi-

equilibrium between H2 in the gas phase, the liquid phase and the adsorbed state, 

solvent effects can affect the surface coverage with hydrogen at a constant partial 

pressure of H2. When the solvent effects are absent, the surface coverage of hydrogen 

does not depend on the liquid-phase H2 concentration and is only influenced by the H2 

partial pressure in the gas phase. 

 Liquid-phase hydrogenation reactions can be complex and affected but not limited by 

various factors such as process parameters, side reactions, metal–support 

interactions, and metal specificity. The high importance of the reaction dynamics 

study is underlined in order to properly understand these effects due to the major 

alterations in activity and product distribution that occur during reaction. 

 Hydrogenation reactions are generally considered to be structure insensitive; yet, 

cases are reported in which hydrogenation reactions depend on crystallite size and 

exposed crystal plane.  

1.5.2.2. Hydrogenation of maleic acid 

Succinic acid, the main product of maleic acid hydrogenation [53], is a product of considerable 

commercial importance and is used in the production of lacquers, dyes, surfactants, 

biodegradable plastics, green solvents, photographic chemicals, perfumery, esters and many 

other products [54]. One of its major commercial applications is in the production of 1,4-

butanediol. It mainly manufactured from the hydrogenation of maleic acid, although a 

fermentation pathway is also feasible in which succinic acid is obtained as a byproduct.[53] 

Aqueous-phase catalytic hydrogenation of maleic acid has been widely studied and it has been 

found that noble metal catalysts in combination with Pd, Re or Sn and supported by alumina, 
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titania or carbon are the most promising for hydrogenation of 1,4 butanediol, γ-butyrolactone, 

tetrahydrofuran and their mixtures[53, 55-56]. The catalytic hydrogenation of maleic to succinic 

acid in the liquid phase has been also studied over Pd or Pt supported catalysts [57-58]. Ruiz et 

al.[57] and Vertes et al.[58] studied the influence of the different supports on Pt or Pd catalysts in 

a trickle bed type reactor, while P. D. Vaidya and V. V. Mahajani investigated the kinetics of the 

catalytic hydrogenation of maleic acid in a slurry reactor over Ru/Al2O3 catalyst.[53] The effect 

of the support nature on a palladium catalyst was thoroughly studied by M. A. Kulagina et 

al.[59] Various oxides, salts and carbon supports with extremely high low or high porosity were 

tested in both water and ethanol solutions. It was found that in the case of the non-porous 

supports the catalytic aqueous hydrogenation depends only on the support identity and the 

metal particle population on the catalyst surface. On the other hand, when ethanol was 

employed these factors were not operative, since ethanol is a much less polar solvent. 

However, there is little information in the literature on the hydrogenation of maleic acid over 

Ni or Ni-based catalysts even though they exhibit particularly low tendency to isomerize 

alkenes during the hydrogenation [60]. 
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2. Solution Combustion Synthesis 

Part of the results presented here has been published in the Advanced Engineering 

Materials Journal, 2018, 20, 1800047, in the Special Section: Exothermic and Non‐

Isothermal Processing of Advanced Materials 

2.1. Introduction 

Combustion synthesis (CS) is a widely used process for the synthesis and processing of 

advanced structural and functional ceramics, catalysts, composites, alloys, intermetallics and 

nanomaterials.[61-62]The term ‘combustion’ covers flaming (gas-phase), smouldering 

(heterogeneous) as well as explosive reactions. The exothermicity of the reduction-oxidation 

or electron transfer chemical reaction is exploited to synthesize useful materials.[61] Up to 

2008, combustion synthesis has been utilized in order to fabricate more than 1000 kinds of 

oxides powders[63] in more than 65 countries [64]. 

Combustion synthesis is characterized by some features which make it a very attractive 

method for the manufacture of technologically useful materials at lower costs, compared to 

conventional ceramic methods. Some of the noteworthy advantages of CS are:[65] 

 high reaction temperatures with relatively low preheating temperature 

 quick heating rates 

 short duration of reactions  

 relatively simple equipment 

 products with high-purity 

 stabilization of metastable phases and 

 products with any size and shape  

Depending on the nature of reactants (elements or compounds; solid, liquid or gas) and the 

exothermicity (adiabatic temperature, Tad), combustion synthesis can be categorized as: self-

propagating high temperature synthesis (SHS); low-temperature combustion synthesis, 

solution combustion synthesis (SCS), gel-combustion, sol–gel combustion, emulsion 

combustion, volume combustion (thermal explosion) and others.[65] 

 



18 
 

Solid state synthesis 

In solid state combustion all of the initial reactants as well as the intermediates and the final 

products are in solid state and Merzhanov et al.[66] started working on it in 1967. Solid state 

combustion can occur in two different modes: Linear or self-propagating high temperature 

synthesis (SHS) and bulk or volume combustion synthesis (VCS). In both cases, the reactants 

are pressed into a, usually cylindrical, pellet. Then, an external source is usually used to ignite 

the pellet locally (SHS) or uniformly (VCS), which initiates an exothermic reaction, but there are 

also cases of self-ignited reactions. In SHS, the hot combustion wave (2000-4000K) passes 

through the pellet yielding the products, whilst in VCS, it is heated uniformly until the 

simultaneous reaction takes place throughout the volume.  

The high scale of heterogeneity in conjunction with the high reaction temperatures 

complicates the composition of nano structured materials. However, several methods have 

been suggested to prepare nanomaterials using SHS: 

 SHS synthesis followed by intensive milling 

 SHS synthesis with mechanical activation 

 Chemical dispersion (SHS synthesis is followed by chemical treatment) 

 Alkali metal molten salt assisted combustion (SHS synthesis with additives) 

 Carbon combustion synthesis 

SHS offers a good possibility for the preparation of a wide range of advanced materials such as 

refractory materials, intermetallics and alloys. Those are used in aerospace materials, as 

cutting tools, as abrasives, as high temperature lubricants, for hydrogen storage, as parts of 

ceramic engine, in fuel cells, as semiconductors and as catalysts.[65, 67] 

2.2. Solution Combustion Synthesis (SCS) 

A combination of combustion synthesis and reactive solution methods leads to SCS.[52] SCS, 

which was firstly proposed by Patil et al.[61], is being used widely to prepare oxide materials for 

numerous applications. In the specific case of Solution Combustion Synthesis (SCS), the 

exothermicity of the redox (reduction–oxidation or electron transfer) chemical reaction is 

employed to manufacture advantageous materials. According to the Web of Science, more 

than 5000 articles related to SCS have been published over the last 20 years. This growth of 

interest can be attributed to the method simplicity and its abundance of applications. [68] 
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Solution combustion synthesis is sometimes reported in the literature as gel combustion 

synthesis, auto-combustion, aqueous/wet combustion synthesis, solution combustion method 

(SCM), one-pot combustion synthesis, glycine-nitrate based solution combustion synthesis, 

urea nitrate combustion synthesis, auto-ignition synthesis, etc. 

Figure 2.1. Groundwork and features of SCS.[69] 

SCS comes from sol-gel chemistry [70] and propellant chemistry [71], despite the fact that it 

employs a quicker process than sol-gel synthesis [72] and it is recommended for 

multicomponent oxides [73]. Between 1985 and 1993, Patil and co-workers combined for the 

first time propellant chemistry with the production of nanomaterials in solution, studying the 

formation of complexes between propellants and metal cations.[74-75] This research provided a 

huge impulse to the following studies regarding Solution Combustion Synthesis and signified 

the start of using SCS for the effective and fast synthesis of inorganic substances.[69] 

Typically, SCS incorporates a cascade of self-sustaining redox reactions in a homogeneous 

aqueous solution of reagents containing metal nitrates (oxidizers) and various fuels. The 

prevalence of this class of oxidizers is possibly justified by their good solubility in water and the 

relatively low decomposition temperature that leads to the formation of active oxygen. For 



20 
 

example, the onset decomposition temperature of aluminium nitrate nonahydrate 

[Al(NO3)3·9H2O] is 130oC, while  aluminium sulfate [Al(SO4)3] decomposes at 600oC. The 

employed fuels can be classified in correspondence to their chemical structure, i.e. the type of 

reactive groups (e.g. amino, hydroxyl, and carboxyl) bonded to the hydrocarbon chain. The 

reaction between fuel and oxygen- containing species, which are formed during the nitrates 

decomposition, provides high-temperature rapid interaction. Typically, an initial liquid solution 

of reactants is preheated to a temperature range between 150–200°C, where the water is 

rapidly evaporated and the remaining reacting solution dries up and its temperatures further 

increases. Within a short period of time (a few seconds up to few minutes), it ignites and rapid 

exothermic reaction (Fig.2.2) produces powder forms directly in the nanoscale with 

composition depending on initial reactants. This process not only yields nanosized oxide 

materials but also trace amounts of rare-earth impurity ions are allowed to be doped 

homogeneously in a single step. [76] 

 

Figure 2.2. Structure of SCS-derived product as it emerges during SCS.* 

However, a disadvantage of the SCS is the possibility of NOx emission during the reaction. 

Metal nitrates can be subjected to a partial thermal oxidation before the reaction takes place, 

as long as fuels containing nitrogen atoms can decompose producing NOx. Though, NOx 

emissions are easy to trap, using scrubers. [77] 

2.2.1. SCS modes 

Depending upon the nature of precursors and the process conditions, SCS may occur as either 

volume or self-propagating combustion modes. Both modes are employed for catalyst 

manufacture. In the first mode, which is called volume combustion mode or thermal explosion 

(Fig.2.3), the entire volume of the reacting mixture is heated uniformly to the boiling point of 

the solvent (stage I). In stage II, there is a relatively long constant temperature, where the free 

                                                             
* https://www.youtube.com/watch?v=u3IDWm3XZxI 
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and portion of bound water is evaporated. This stage is followed by a higher heating rate 

(stage III) and then, at the ignition temperature (Tig) it increases to a maximum value (Tm, stage 

IV), while cooling stage (stage V) succeeds it.[78-80] 

 

Figure 2.3. Time – temperature profile of Fe2O3 synthesis in Fe(NO3)3+glycine system in volume 

combustion mode. [80] 

In case of the, as called, self-propagating combustion mode [81] (Fig.2.4a), a small volume 

(1mm3) of the precursor mixture is heated locally for the combustion initiation and then it is 

propagated along the remaining reactive mixture in the form of a combustion wave. The time 

– temperature profile on Figure 2.4b, as reported by K. V. Manukyan et al. [82], suggests that 

the preheating stage in this mode is shorter, in comparison with the volume combustion 

mode. 

 

a 
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b  

Figure 2.4. Reaction in nickel nitrate+glycine system in self-propagating combustion mode (a) 

andtime – temperature profile of the process (b). [82] 

2.2.2. SCS heating routes 

Various methods have been reported for heating the precursor solution and a specific SCS 

route is created for each method. The simplest method is placing a glass or ceramic container 

with the initial reactive mixture on a hot plate [83] or inside a preheated furnace [84]. In most 

cases, the employed temperature range is between 500-1500oC. Heating, solvent evaporation, 

gel formation and decomposition, self-ignition, combustion and final products formation 

proceed in one technological step. This approach is the most ordinarily operated heating 

method for SCS of catalysts.[68] 

Another commonly employed SCS route is the so-called sol-gel combustion synthesis [85], also 

mentioned as gel CS [86-87]. In this approach, the precursor, reactive aqueous solution is dried at 

a temperature below the boiling point of the solvent, where the unbound water evaporates 

and a gel-type media forms. Benefiting from the low viscosity of the gel, the impregnation of 

the solution in a broad range of porous materials is feasible, facilitating the synthesis of 

catalysts on carriers. Various studies have shown that the accomplishment of the SCS reactions 

is possible in those impregnated layers, resulting in the synthesis of desired compounds and 

this route is called impregnated layer CS.[63, 78, 88] The employed layers can be inert or active 

from the reactivity point of view, and thus CS in porous inert media [89-90] or CS in porous active 

media [91-92] may be outlined. Typically, inert layers are used to manufacture supported 
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catalysts, while the active media are used to synthesize materials that have relatively low 

heats of reaction and hence, the combustion of the active layer expedites the propagation of 

the combustion front. In the case of use a porous media, such as silica or alumina, in order to 

control the particles size of the products, the route is called template-assisted SCS.[93-95]The 

porous material is removed (dissolved) after synthesis and nanoparticles with a narrow particle 

size distribution or nanotubes are obtained.[68] 

Microwaves are a relatively novel heating method of the precursor solution up to the self-

ignition temperature and this approach is called microwave-assisted SCS [96-97]. It has 

fundamental differences with the conventional heating routes; heating is directly generated in 

the materials as the electromagnetic field interacts with electric and magnetic dipoles, which 

are responsible for the materials’ dielectric, electric and magnetic properties [68]. As an 

example, Ajamein et al. reported the synthesis of CuO/ZnO/Al2O3 catalysts using microwave-

assisted solution combustion synthesis for hydrogen generation through steam methanol 

reforming reaction. The influence of fuel/nitrates ratio and microwave irradiation was 

evaluated and the results revealed that application of microwave oven instead of conventional 

furnace led to higher crystallinity of CuO and ZnO species, homogeneously smaller particles, 

respectively and higher specific surface area of the catalysts. Moreover, increased 

fuels/nitrates ratio led also to the enhancement of surface area and to better dispersion of 

different species. [98] 

Many features of SCS are common with the liquid aerosol flame synthesis. In many 

modifications of this method, such as spray pyrolisis [99], emulsion evaporation (emulsion CS) 

[100] the initial precursor medium is an aqueous solution containing fuel(s) and oxidizer(s). 

However, usually the reactions take place in the external gaseous flame. The aerosol SCS was 

established, where the production of hollow metal spheres takes place in the flux of inert gas 

solely because of the - fuel - oxidizer reaction.[101] 

Recently, a new SCS-based route was reported for the synthesis of high-quality thin films for 

electronic devices and solar cell applications.[87, 102-103] In this approach the initial reactive 

solution is deposited on a substrate using spin coating or spraying techniques. Combustion of 

thin precursor layers results in uniform high-qualitative oxide films.[68] 



24 
 

2.2.3. Thermodynamic aspects 

Generally, SCS involves self-sustained redox reactions between metal nitrate(s) and reducer(s), 

which are mixed at the molecular level and possess all the features of other combustible 

systems. The driving force for such redox reactions is the system’s tendency to minimize Gibbs 

free energy by converting chemical potential into heat. By definition when Gibbs free energy is 

minimum, the system is in the equilibrium state. Thus, the initial state of SCS system can be 

characterized as a nonequilibrium quasi-stationary state. It is indeed nonequilibrium due to 

the fact that Gibbs free energy is not minimal and it is quasi-stationary as there are not 

significant changes for a reasonably long period of time. During combustion, the system’s state 

is moved to an equilibrium state that will last indefinitely (thus be stationary) if there is no 

interaction between the sample and the surrounding atmosphere. On the long time scales 

though, the sample exchanges energy with the environment. The large difference in 

temperature between the sample and the environment that is caused by the combustion 

reaction, results in alteration of the sample’s temperature. After the cooling period to ambient 

temperature, the sample reaches a new equilibrium steady state.[68] 

A widely accepted scheme that describes the stoichiometric equilibrium combustion reaction 

(using metal nitrite as an oxidizer and glycine as a fuel) is the following: 

          
 

 
               

 

 
       

     

 

     
  

 
          

  

  
          

    

  
       

where Mv is a v-valent metal and   is the fuel/oxidizer ratio;   =1 implies that the initial 

mixture does not require atmospheric oxygen for complete oxidation of the fuel, whereas  >1 

(<1) signifies fuel-rich (lean) conditions. [64] 

It has thus been suggested that SCS reactions may be characterized by the following four 

parameters:  

Initial temperature (To) is the average temperature of the reagent solution before the reaction 

is ignited; 

Ignition temperature (Tig) represents the point at which the combustion reaction is 

spontaneous without an additional supply of external heat; 



25 
 

Adiabatic combustion temperature (Tad) is the maximum combustion temperature achieved 

under adiabatic conditions; 

Maximum combustion temperature (Tm) is the maximum temperature reached in the actual 

configuration, i.e., under conditions that are not adiabatic. 

As a general rule, the ignition process is obtained with a small, but significant amount of 

reagent solution. When this solution is rapidly heated above the temperature where the 

chemical reaction rate is high enough, the heat release rate is higher than the dissipation of 

heat.[104] A value of Tig is defined not only by thermal properties of the system but also by a 

type of reductant, acidity of solution, etc. In most cases Tig is determined experimentally.[105] 

The combustion temperature measurements are almost always much smaller than the 

calculated adiabatic values. Irradiated losses, incomplete combustion and air heating 

contribute to a decrease in the actual combustion temperature. However, Tm depends on a 

number of factors such as the type and amount of reactants, ambient pressure, temperature, 

humidity, etc.[104] 

Calculation of Tad is often impossible due to the lack of data on standard enthalpy of formation, 

the heat capacity of compounds, and the ignition temperature.[63] Measurements of Tm are 

often difficult due to high rates of SCS processes. For SCS reactions with glycine yielding oxides 

and hydroxides, the formation of calcium carbonate is also reported.[105]  

2.2.4. Influence of various parameters on the SCS-derived products 

There are certain features of SCS that provide the unique characteristics of the derived 

products. First of all, the initial reaction takes place in the aqueous phase allowing the mix of 

the reactants on a molecular level, thus permitting narrow and consistent formation of the 

desired composition on the nano scale. In addition, the high reaction temperature (Tc) 

establishes high purity with no residual carbon and the crystallinity of the produced foams is 

governed by the cooling rate. This characteristic plays a key role in skipping high-temperature 

product calcinations which is an additional step and usually follows the conventional 

approaches, to achieve the desired phase composition. Last but not least, the short process 

duration and the generation of many gaseous products during SC inhibit the particles’ growth 

benefiting the synthesis of nanocrystalline powders with high specific surface area, a very 

important feature for catalysts synthesis. [61, 63, 80, 106] 
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2.2.4.1. Type of reducer  

The nature, the type of the fuel as well as the fuel to oxidizer ratio are important factors that 

significantly influence the structural and surface properties of the final SCS products. Patil et 

al.[61] have concluded that the combustion can fluctuate from flaming to non-flaming mode. 

Flaming reactions are attributed to the generation of gaseous byproducts such as NO, NO2, 

NH3, CO, CO2 etc. The nature of the organic reducer seems to be explicit for the metal 

employed for SCS and/or the type of mixed metal oxide formed.[107] The organic substance that 

is used as fuel for the synthesis of SCS catalysts should have the following characteristics: 

 Water solubility; however, organic solvent can also be employed in order to improve 

fuel solubility. 

 Compatible with metal nitrates, as reaction should not lead to explosion. 

 Operation as metal dispersing agent; in some cases facilitates complexes formation 

between fuel and metal species. 

 Melting point should be below 250 °C and its ignition temperature below 500 °C. 

 To be fully decomposable; during reducer decomposition large amounts of gases are 

formed that can improve catalyst textural properties. [108] 

Urea and glycine are known to be among the most popular fuels for synthesizing highly 

uniform oxide ceramic powders.[107] Hadke et al. [109]  who produced NiO nanopowders using 

urea or glycine, suggested that glycine exhibited better interaction with the metal cations, 

caused a more intense combustion, while the final product had a branched cotton wool 

structure with softer agglomerates and lower residual carbon. Additionally, when glycine was 

used, the as-burnt nanopowders possessed larger crystal size and lower densification ability. 

On the contrary, the urea-nitrate system’s products had spherical shape with hard 

agglomerates and small crystallite size, resulting in better sintering ability of the as-produced 

nanopowders. Fathi et al. [110] also compared glycine and urea in their studies for the synthesis 

of Fe3O4 oxide and they suggested a potential scheme of what happens to the powder 

microstructure in both cases, as presented on Figure 2.5. In this case, glycine had a smoldering 

combustion with intensive gas generation and high temperature, resulting in spongy powders 

with bigger crystallite size and higher porosity than urea. Conversely, when urea was 

employed, the precipitation of the metal cations inside the combustion gel was favored, 

leading to particles nucleation and extended agglomeration when combustion ended. 
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Figure 2.5. A potential microstructural evolution scheme during combustion using a) urea and 

b) glycine as reducer.[110] 

Furthermore, the employment of various organic compounds as reducers like alanine, 

asparagines, serine, methyl cellulose, ammonium acetate, ammonium citrate and ammonium 

tartarate was explored. Using a combination of different fuels such as citric and succinic acid, 

citric acid and glycine, urea, monoethiloamine and alanine, etc was also investigated as an 

option. Despite the fact that complex fuels favor the formation of nanosize particles, a further 

calcinations treatment is sometimes required in order to remove organic residuals.[64] It is very 

interesting though, that some of the fuels were found to be specific for a particular process 

and also that, recent studies have been focused on the role of fuel in controlling the particle 

size and the microstructure of the yielded products.[110-111] All these fuels are the source of 

carbon and hydrogen, which during the combustion form CO2 and H2O, releasing heat. 

Moreover, they act as complexing agents with metal ions and that facilitates the solution’s 

cations’ mixing homogeneously.[107] The influence of the reducing agent on the structural and 

textural properties of various materials and catalysts prepared by SCS are listed in Table 2.1. 
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Table 2.1: Various SCS-derived catalysts and materials using different fuels [107] 

Catalyst/material Fuel Fuel effect 

Co3O4/γ-Al2O3 

Urea, citric acid, 

glycine or 

glycerine 

Glycine-prepared catalyst showed the highest 

velocity of combustion, lower combustion 

temperature and higher methane conversion 

[112] 

LaFeO3andLaMnO3 
Glycine or 

ethylene glycol 

Nature of the fuel markedly affected the 

surface area and crystalline size of La-based 

perovskite oxides because of combustion 

characteristics [113] 

LaMnO3-ΜeO 

(Me=Mg, Ce, Zn, Zr) 

Glycine, alanine 

or glycerol 

Glycine-prepared mixed metal oxides showed 

higher surface area and activity for methane 

combustion [114] 

CoCr2O4, CuCo2O4and 

spinel/CeO2 (ήZrO2) 

Glycine or 

glycerol 

Glycerol-prepared mixed metal oxides showed 

lower crystalline size, higher surface area and 

activity for n-hexane combustion[115] 

CuO-ZnO-ZrO2 Glycine or urea 

Higher surface area, CO2 conversion and 

methanol yield a lower fuel amount were 

achieved [116-117] 

5mol.% Mn/CeO2 

Urea, glycine or 

polyethylene 

glycol 

Amount and nature of fuel affect not only Mn 

dispersion but also its oxidation state. Lower 

glycine or higher urea concentrations facilitated 

higher flame temperature [118] 

 

In summary, the type and the amount of fuel are very important parameters that severely 

influence the nature of the combustion process, the phase composition, the microstructure 

and the morphology of the final powders. They can also affect the strain, the surface 

properties, the oxidation vacancies as well as the oxidation state of metal cations in the 

resulting material.  
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2.2.4.2. Fuel-to-oxidizer ratio 

The main parameter that controls the amount of fuel added in the initial SCS mixture is the 

fuel-to-oxidizer ratio, generally known as  . The original definition of this ratio was given by 

Jain et al.[71], according to the concepts of propellant chemistry. The overall SCS reaction by 

using for example a metal nitrate as oxidizer and glycine as fuel can be written as follow: 

          
 

 
               

 

 
       

     

 

     
  

 
          

  

  
          

    

  
       

where Mν is a ν-valent metal and   is the so-called “elemental stoichiometric coefficient” or 

fuel-to-oxidizer ratio. This parameter indicates the amount of fuel with respect to oxidants and 

it is not representative of the combustion mixture, because reducers can be the fuels as well as 

metal cations and some counter anions. Moreover,     represents a stoichiometric ratio, 

    corresponds to fuel rich mixture and     means fuel lean mixture. It is worth noting 

that   is only a sufficient approximation and not the real fuels-to-oxidizers content due to the 

potential mistakes concerning the elements’ oxidation state in the final product, as concluded 

by Zhang et al.[119] 

Solution combustion synthesis is not an adiabatic process and the measured temperature is 

always lower than the theoretical one since there are heat losses that are further enhanced by 

the massive gas generation.[120] The theoretical temperature for an adiabatic process and the 

experimental trend of temperature as a function to   parameter is demonstrated on Figure 

2.6. However, it should be highlighted that the observation would be altered in case of another 

system depending upon the complexities of the cations involved and the precursor SCS 

mixture.[69] 
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Figure 2.6. Theoretical and experimental temperature curves vs   ratio.[69] 

Generally, the combustion process can take place from fuel-lean to fuel-rich conditions, 

although the nature of combustion and especially the reaction’s exothermicity are strongly 

controlled by the fuel-to-oxidizer ratio.[82, 92, 121] Taking that into consideration, the combustion 

reaction can be categorized into the following cases: 

 Extremely fuel-deficient combustion. Flameless smoldered reaction is yielded 

accompanied with high generation of gases. The majority of these gases are toxic NOx, 

[111] so it is not considered to be a preferable pathway. 

 Fuel deficient combustion. The combustion that takes place is sluggish, but highly 

porous materials with soft agglomerates and better powder properties are produced, 

since there is large emission of gases.[69] 

 Stoichiometric combustion. A self-propagating auto-ignited violent reaction happens, 

accompanied with flame that appears for 3-5 sec. The combustion exothermicity is 

very high and up to 1800oC can be achieved during combustion. The products consist 

of hard agglomerates due to the localized partial sintering. [69] 

 Fuel excess combustion. The reaction is similar to the stoichiometric combustion. It is 

recommended when the possibility of explosive combustion occurs for safety 

reasons.[73] 
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 Extremely fuel-rich combustion. In this case, the reaction undergoes the gel 

decomposition resulting in charring of the product, without the existence of flame 

during combustion.[69] The as-burnt materials are usually amorphous with high 

concentration of residual carbon that requires a longer calcination period in the air for 

its removal. Most of the emitted gases are involving toxic CO, making this an 

unattractive option.[122] 

The importance of fuel to oxidizer for the production of TiO2 with SCS and its influence on 

photocatalysis was recently investigated by S. Challagulla and S. Roy.[123] Nano TiO2 was 

synthesized using glycine, urea, and oxalyldihydrazide as reducers. The oxidizer to fuel ratio 

from lean to rich conditions also found to have a crucial impact in determining the 

polymorphic percentage concentration in the synthesized TiO2 powders. However, diffuse 

reflectance spectroscopy and photoluminescence spectroscopy studies did not reveal any 

critical differences in the products electronic properties. The presence of various TiO2 

polymorphs resulting from difference in fuels during combustion affected the exhibited 

photocatalytic activity toward methylene blue degradation and hydrogen production. In 

materials science, polymorphism is the ability of a solid material to exist in more than one 

form or crystal structure. Polymorphism can potentially be found in any crystalline material 

including polymers, minerals, and metals, and is related to allotropy, which refers to chemical 

elements. The three existing polymorphs of titania (TiO2) are anatase, rutile and brookite, with 

the first two being the most popular. They are all different structures of an octahedron and 

their structural differences offer them different macroscopic properties. 

Zhou et al.[120] calculated the adiabatic combustion temperature as well as the quantity of the 

generated gaseous products and compared the results with experimentally measured 

temperatures (Fig.2.7). They used lithium nitrate, titanyl nitrate and citric acid as model 

system, which can be described by the following overall reaction: 
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a 

 

b 

Figure 2.7. Calculated (Tf) and measured (Tc) maximum temperatures as a function to   (a), as 

well as calculated volumes of gases produced at room temperature and ambient pressure at 

different   (b). [68, 120] 

Figure 2.7a illustrates the measured combustion temperatures in contrast with the 

thermodynamically calculated results. The observed significant deviation of the experimental 

results from the calculated data was attempted to be explained by two factors: i) the 

experimental condition were not adiabatic ii) for fuel-rich conditions, the fuel does not 

completely react with the atmospheric oxygen due to infiltration limitations. Although, Varma 

et al.[68] pointed out in their review that the utilization of an incorrect assumed reaction route 

and the inaccurate measurement of the combustion temperature could also possibly lead to 



33 
 

such large discrepancy. This signifies that the reactions that are responsible for the product 

formation could be different from the reactions accountable for the self-sustained combustion 

process. Hence, the maximum combustion temperature may occur in the gas phase and not in 

the condensed phase that it is typically located. 

As discussed before, the flame temperature of combustion can vary by changing the fuel-to-

oxidizer ratio ( ). Bedekar et al.[124] exploited this fact and stabilized YCrO3 and YCrO4 

preparation. They used glycine and meal nitrates as precursors and they found that in 

stoichiometric conditions YCrO3 yielded, while in fuel lean conditions YCrO4 was synthesized. 

Moreover, Zhou et al.[120] concluded that the amount of the generated gases increases by 

increasing of the   parameter. The emitted gases in the combustion process influence the 

temperature to a large extent, due to the great amount of heat that may be taken away by the 

gas flow. In the fuel-rich conditions, the volume of the generated gases is two times more than 

that in the fuel-lean conditions. For the reasons mentioned above, the maximum measured 

temperature of the fuel-lean system is much higher than that of the fuel-rich system. 

On Table 2.2, various catalysts are listed as well as the fuel that was used for each catalyst. 

Furthermore, the effect of the different fuels on the catalysts’ properties is also mentioned.  

Table 2.2: Various SCS-derived catalysts and materials using different fuels. [107] 

Catalyst/material Fuel Fuel effect 

LaMnO3 Urea + 

NH4NO3 

Perovskite crystallinity and carbonaceous residue 

formation are dependent on urea to oxidizer ratios. 

NH4NO3 increased surface area and methane 

combustion[114] 

NiO-MoO3/γ-Al2O3 Urea Increase of urea to oxidizer ratio improved the combustion 

reaction. No significant changes in the HDS catalyst 

performance were observed [115] 

(La, Sr, Ce, Ba) (Ce, 

Fe, Y)O3-λ 

Citric acid The combustion intensity increased as metal-citrate 

complex stability decreased. Low citrate/oxidant ratios 

decreased particle size [116] 
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To sum up, the fuel-to-oxidizer ratio is a parameter to control the fuel amount in the initial SCS 

mixture. It has found to influence the structure and the phase composition of the final 

powders as well as the nature of combustion. In general, stoichiometry is preferred in order to 

maximize the reaction’s exothermicity, while there are some cases that under-stoichiometric 

or over-stoichiometric conditions are more convenient. 

2.2.4.3. Metal cations precursors, oxidants and additional oxidants 

A metal precursor is a substance added in the initial combustion mixture that contains the 

metal cations and it is used to introduce the metallic elements in the final products. In case of 

redox and combustion reactions, an oxidant is employed to provide oxygen for the reducer. 

Usually, metal precursors contain themselves the oxidizing moieties as counter anions. The 

most common metal precursors that are used are the commercial nitrates, as they are water-

soluble and low-cost. There are other metal precursors used such as oxy-nitrates [128], chlorides 

[129] and oxychlorides [130], although chlorides are not recommended due to the possibility of 

adsorbing of incorporating onto the powder and contaminating it.[69] Moreover, oxalates[131], 

acetates[132], hydroxides[133], acetylacetonates[134] or alkoxides[135] are employed in the initial 

mixture as metal precursors. However, the use of these substances requires the use of an 

additional oxidant, as the net valence of the counter anions is positive, making them reducer 

and not oxidant.[69] Kaur et al.[133] highlighted that the use of metal precursors other that metal 

nitrates has some advantages. They produced ferrite at lower temperature using iron 

hydroxides as metal precursors. They suggested that Fe-O bond is more polar and more easily 

breakable in the case of hydroxides, thus permitting the formation of ferrite at lower 

temperature. 

It is worth noting that natural or waste-derived inorganic substances have been employed as 

metal precursors in the SCS. For example, Gabal et al. extracted Mn and Zn metal precursors 

from waste batteries and achieved the synthesis of Mn-Zn-Fe spinel nanoparticles deposited 

onto carbon nanotubes, using them as metal precursors.[136] In addition, Choudhary et al. 

reported the extraction of calcium metal precursor from chicken eggshells wastes and their 

use for the SCS preparation of calcium magnesium silicates with citric acid as reducer.[137]  

The chemical composition of the final product is evidently influenced by the choice of the 

metal precursor (cation), while the metal cation acts as reducer (positive charge) and the 

counter anion (negative charge, i.e. NO3
-) as oxidizer.[71] The type of the metal precursor may 
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affect the combustion process, the phase composition and the microstructure/morphology of 

the final product.[129, 138] Interestingly, Kang et al. [139] investigated the influence of metal 

precursor in correlation to its interaction with the fuel, by comparing the cerium nitrate and 

the cerium ammonium nitrate in combination with reducers like glycine and hydrazide. Thy 

concluded that these parameters severely affect the combustion characteristics, including 

combustion temperature and amount of gas emitted during combustion, and, in turn, the 

properties of formed CeO2 powders. 

Oxidants are the counter anion from metal precursors, such as nitrates [73] and 

dichromates[140], but not phosphates, since they are only used as a source of elements for the 

final product [141]. Additional oxidants are in some cases necessary for the regulation of the 

combustion process and the fuel-to-oxidizer ratio.[142-143] Its addition is also required for the 

compensation of the excess of fuel to maintain the φratio at its stoichiometric value when: 

 The metal cations require higher amount of fuel than that required by the combustion 

equation [144] 

 The counter anions are reducers and enhance excessively the amount of reducers [145] 

 Chloride or oxide precursors are employed that do not possess any oxidizing ability in 

the examined system [146] 

 Mixed fuel mixtures are used [142] 

NH4NO3 and HNO3 are the most frequently employed additional oxidants [73, 93, 127], while other 

additional oxidants contain ammonium perchlorate, which is also used as solid oxidizer in 

rocket and missiles [147]. Furthermore, HNO3 is a quite convenient additional oxidant as it 

facilitates dissolving of some insoluble (in some diluters) metal compounds [120], despite the 

fact that its use severely affects the precursor mixture’s pH value and it is considered to be less 

effective than NH4NO3 
[69, 135]. 

2.2.4.4. Influence of preheating rate on SCS and its products 

Depending upon the initiation type of the combustion process, two distinct approaches can be 

identified provided that the sample is uniformly heated: 

 Uncontrolled thermal treatment (uncontrolled SCS): According to this approach, the 

sample temperature is rapidly raised up to the combustion temperature, which is in 

most cases higher than the ignition temperature of the redox mixture. This results in a 
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violent chemical reaction as a result of the large amount of gases in a very short period 

of reaction (usually less than 60 s) that generate during combustion. This preheating 

mode appears to be appropriate for the production of nano-sized metal and mixed-

metal oxides powders,[74]as well as bulk [125, 148]and supported catalysts.[149] 

 Controlled thermal treatment (controlled SCS): In this means of synthesis the sample 

temperature is gradually increased with relatively low heating rate (1-25 °C min−1) up 

to the mixture’s ignition temperature or higher temperatures. In this mode, the fuel 

and metal precursors are melting, dehydrating and finally decomposed through a 

reaction casquade. This approach is found to be applicable for the preparation of 

supported catalysts [63, 150] as it can considerably reduce the formation of fine particles 

upon the combustion reaction due to the regulated exothermic effects.[107] In the 

presence of a carrier in the solution combined with slow heating result in controlled 

SCS as  the heating mode changes to mild and the reactions take place on the inert 

surface with heat exchange; additionally, those conditions eliminate the possibility of 

explosive type of combustion. 

2.2.4.5. Effect of pH 

The pH plays an important role for the determination of the fuels dissociation degree with 

basic/acid moieties indicating their chelation ability to the metal cations.[151] The influence of 

pH is strictly associated with the mixture’s chemical composition and the fuel-to-metal cations 

ratio.[152] High fuel-to-metal values appear to have low effectiveness in regards to the fuel’s 

tendency of forming complexes, in case its molecules are not fully dissociated. For instance, 

Pourgolmohammad et al.[153] concluded that the high fuel-to-metal ratio (1.25) and high pH is 

the optimum combination for the obtaining CoFe2O4 spinel nanopowders. Furthermore, 

Junliang et al.[152] found that the pH value has to exceed 7 and the fuel-to-metal ratio 1.25, in 

order to receive single phase barium hexaferrite powders through SCS using citric acid as 

reducer. 

One more role of the pH was underlined by Lwin et al.[154], who demonstrated that higher pH 

values facilitate the formation of metal hydrates that can be transformed into crystals more 

easily. The quicker rate of solidification influences decreases the grain size, affecting the 

microstructure and morphology. However, the particle size increases, as a result of the crystals 

agglomerating due to the strong magnetic interaction between the ferrite crystallites. 
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The pH of the precursor solution was proved to affect the microstructure and morphology of 

the final products, the intensity of the combustion [127] and in some cases cause slight 

distortion in the structure, particularly at high values.[155] In the literature, ammonia was found 

to play a key role in the formation of the combustion gel network. Kim et al.[156] highlighted 

that the addition of ammonia alters the sol, and results in increase of its gelation and 

polymerization. Moreover, Komova et al.[157] suggested that the addition of ammonia increases 

the intensity of the combustion process in the glycine- metal nitrates system and influences 

the powder properties in a profitable manner. Their analysis revealed that ammonia was fixed 

in the gel network as NH4NO3, not crystallized but interacting with the other components. 

Generally, the pH level in the solution should be kept in the slight acidic range because it 

prevents metal hydroxides or other salts’ precipitation, as any form of precipitation is 

considered to be disadvantageous in the combustion process. In all cases, the solution’s acidity 

plays a significant role, as the acid/basic moieties on the surface of the insoluble compound 

are affected by the pH of the solution that they are in contact with.[69] 

2.2.4.6. Addition of salts 

Chen et al. [158] is the first to introduce salts in the SCS precursor solution, which severely 

increases the specific surface area of the resulting products. The salts appear to play a double 

role: decrease of the combustion temperature as the salts additives absorb the reaction heat 

and in situ coating of the newly formed nanoparticles, protecting them from sintering and 

agglomeration.[159-160] The salts are not expensive and they can be easily removed from the 

final product by water washing. W. Wen et al. [161] suggested that NaF is more suitable than 

NaCl for specific surface area enhancement in the nickel nitrate – citric acid system. It is worth 

mentioning that the addition of a specific amount of salt altered the combustion mode and the 

so-called eruption mode occurred. In the eruption combustion process, a great amount of 

powders were lifted off and naturally fall down around the vessel, leaving highly fluffy 

products with a relatively high volume. The as-burnt powder had smaller particles, high 

dispersity and notably increased specific surface area. NiO/Ni nanocomposites that he 

synthesized are important materials for Li-ion batteries.[162] 

2.2.4.7. External template 

In the typical SCS process the fuel acts as microstructural template, but in the literature there 

are some cases in which external microstructural templates (EMTs) were further employed 
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during synthesis.[94-95] The most commonly used EMTs reported are silica, colloidal silica, 

alumina, inorganic salts and carbon.[69] The EMTs does not fully participate in the reaction, 

although it may inhibit the combustion wave propagation or it may change the oxidation states 

of the mixed valence metal cations in the as-burnt powder. After the completion of its action 

as a template, the EMT might be eliminated [93] or it can be preserved in the final product 

creating a metal oxide/EMT or metal/EMT composite [163]. All the hard templates that are used 

in the hard templating synthesis can be suitably used as EMTS in SCS as well. [164-165] Another 

possibility is to create a highly dispersed metal oxide on a support, preparing the 

nanocomposite using an in situ SCS approach. In this process the alumina support is not 

introduced in the mixture as formed oxide powder. Instead, aluminium nitrate is introduced as 

precursor in the initial SCS mixture and then it is transformed in its oxide form.[146] 

Consequently, for the preparation of SCS porous materials for catalytic application there are 

two approaches to be considered. The first one is to adjust the type and amount of fuel 

bringing into action its ability to act as a template. The other option is to introduce an external 

hard template to obtain supported oxides with high surface area or oxides with high 

porosity.[69] 

2.2.5. Structure of the SCS products 

SCS is widely used for the preparation of abundant inorganic nanopowders with high reactivity 

and tailored defects, as it is a time and energy saving process. The final SCS-derived materials 

have high phase purity with superior powder characteristics, such as high specific surface area, 

narrow particle size distribution, optimum agglomeration and better sintering properties.[127] 

Generally, it is suggested that a lower combustion temperature results in finer particles in all 

mechanisms of product formation. This temperature may be controlled by changing the 

composition of the precursor reactive solution or the surrounding atmosphere (inert or 

reacting gas, gas pressure) that the reaction takes place. However, the specific morphology of 

the products depends on the mechanism of the structure formation that is strongly affected by 

the characteristic temperatures (melting, dissociation, sublimation, etc.) of the precursors. 

Another controlling parameter is the quantity of the generated gases and defines the size and 

the phase composition of the products.[68] 
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Figure 2.8. Classes of microstructures in SCS-derived materials: ZnO (type A), NiO−Ni (type B), 

CeO2 (type C), CuO (type D), and W18O49 (type E). [68] 

The variety of the SCS derived products microstructure can be classified in five different types, 

as presented on Figure 2.8. Isotropic nanograins such as spherical, polyhedral, irregular-

shaped, etc. form the types A, B, and C that are associated in various nano-, micro-, and 

macrostructures. Type D represents the thin films, flakes and sheets which are characterized as 

two-dimensional nanostructures. Finally, anisotropic structures with two dimensions notably 

smaller than the third are type E, including rods, whiskers and fibers. [68] 

Porous materials appear to have advantageous applications in numerous fields of gas sensors, 

catalysis, energy storage and conversion.[166-168] Many of the approaches employed to 
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synthesize porous materials require the use of external templates. The adoption of SCS for the 

production of porous materials is appealing, since it is a simple, rapid, energy and cost efficient 

process, without the demand of an external template. In some cases, the porous structure can 

be achieved by the gas emission during the combustion. However, the pores are usually 

inhomogeneous in terms of shape and size. It is critical to obtain homogeneous porous 

materials with nano- and micro- sized pores, which is advantageous for gas or liquid diffusion 

and results in a relatively high specific surface area. [169] 

The careful selection of fuel and a high fuel-to-oxidizer ratio can result in the production of an 

organic-rich and amorphous precursor that can be further decomposed resulting in porous 

metal oxide by a subsequent calcinations due to gas generation. The employment of this 

approach led to the synthesis of homogeneous, largesize porous ZnO flakes, which exhibited 

high response for detecting acetone and ethanol. Their unique two-dimensional structure 

shortens efficiently the diffusion distance of the gas and provides highly accessible open 

channels and active surfaces for the target gas.[170] The same approach was employed for the 

synthesis of porous Co3O4 networks, as reported by W. Wen et al.[171] They suggested that by 

increasing the calcinations temperature, the grain growth was enhanced and as a result the 

particle size and the pore size increased as well. 

SCS is usually employed to synthesize materials in powder form. Many precursors used in SCS 

are in some ways similar to analogous compounds used in sol-gel routes.[138] Consequently, it is 

feasible to fabricate metal oxide thin films by SCS. Kim et al.[103] utilized combustion processing 

as a novel route to obtain metal oxide thin film electronics at temperatures as low as 200°C. 

2.2.6. Metal nanoparticles produced by SCS 

As illustrated, SCS has been adopted worldwide to produce various materials with different 

morphology and phase composition. Numerous nanomaterials and especially simple and 

complex oxides are manufactured by SCS, due to its simplicity, time and cost efficiency. 

Besides the numerous oxides, the development of metals, alloys and metal sulfides are now 

possible through controlling the reaction parameters (fuel type, fuel to oxidizer ratio, etc.). The 

metals or alloys are considered to be produced by the reduce of the corresponding pre-formed 

metal oxides in reducing atmosphere that results from either the excessive reducing fuel or the 

gas formation during combustion in fuel-rich conditions. In most cases, the SCS products are 

aggregates of nano-particles with relatively low specific surface area. [169] 
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2.2.6.1. Synthesis of Ni nanoparticles using SCS 

When SCS is used for the synthesis of Ni-based materials, the decomposition of nickel nitrate 

hexahydrate includes several stages as well [172], as it is shown on Figure 2.9. During the first 

stage, at 37-77 oC, the water evaporates, the second stage (147-187oC) involves the partial 

decomposition of the nitrate which forms Ni(NiO3)(OH)0.25
.H2O, which decomposes during the 

third stage (257-297 oC) producing Ni2O3, HNO3 and H2O. Further analysis of the above results 

indicates that both decomposition and combustion reactions occur at the same temperature 

range of 237-347 oC. It was also noted that the oxidizer and fuel simultaneously supply the 

gaseous products HNO3 and NH3 respectively, which is a highly exothermic mixture that yields 

high temperatures and H2O, N2 and H2 as the main equilibrium products. [76] 

 

a 

Figure 2.9. (a) Typical TGA profile during thermal decompositions in air of (1) glycine and (2) 

nickel nitrate hexahydrate.[76] 
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b 

Figure 2.9. (b) DTA–TGA data during reaction in glycine–nickel nitrate hexahydrate (φ=1.75) 

aqueous solution. [76] 

The main driving force of the combustion process in the nickel nitrate-glycine system is the 

highly exothermic reaction between gases HNO3 and NH3. N2O forms during the decomposition 

of nickel nitrate hexahydrate at 250oC, while NH3 is yielded as one of the main products of 

glycine’s decomposition. It was thus concluded that the combustion reaction is triggered by an 

exothermic reaction between HNO3 and NH3. However, there are two endothermic steps that 

are responsible for the formation of the metallic phase in the SCS solid products. In the first 

step, the decomposition of nickel nitrate at ~250oC that forms NiO nanoparticles. The second 

step takes place in higher temperatures (above 450oC) in which the reduction of NiO occurs by 

excess of NH3 to metallic nickel. [68] 

Kumar et al. [68] investigated the reaction pathways of SCS using nickel nitrate as oxidizer and 

glycine as fuel. They concluded that the glycine’s decomposition starts at approximately 242oC 

and that the main product of that decomposition stage is NH3, while CO and HNCO are formed 

in the temperature range of 312-457oC [173]. 

A. Kumar and co-authors suggested that excess glycine (fuel) provides a hydrogen reduction 

atmosphere in the reaction front, resulting in pure metal in the post-combustion zone. In 
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addition, it was illustrated that the necessary condition for the synthesis of pure metals in 

oxidizer–glycine system through SCS pathway is the oxidizer’s property (e.g., metal nitrate) to 

decompose and the nitric acid (HNO3) generation from nitrates decomposition.[76] 

 

a 

 

b 

Figure 2.10. Thermodynamic characteristics of HNO3: x-NH3:5.5-H2O: NiO system: (a) adiabatic 

combustion temperature; (b) equilibrium products. [76] 

The obtained results revealed that the glycine-nickel nitrate system is characterized by a 

reasonably high adiabatic temperature (427-627oC) and there are three distinct regions of 

products depending on the concentration of NH3 (Fig.2.10). At low NH3 amounts, NiO remains 

unreduced, whilst increase of NH3 content results in the formation of NiO-Ni or Ni phases. As 
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hydrogen concentration increases with the increase of NH3, this leads to the conclusion that 

increasing the amount of glycine in the initial solution leads to the formation of reductive 

gases, such as NH3 and H2, in the first stage of combustion. Such variation of the gaseous 

species composition results in a change in the process of solid products from NiO to NiO-Ni 

mixture to pure Ni. [68] 

It is worth noting that, at the first stage of glycine’s decomposition the main product of 

pyrolisis is ammonia. Li et al. [76] studies demonstrated that at higher temperatures the main 

gaseous products from glycine decomposition are HNC, CO and HCN. These carbon-containing 

species act as reducing agents for nickel oxide for the formation of metallic nickel. When there 

is enough amount of fuel added in the precursor mixture, which provides sufficient quantity of 

hydrogen for the reduction of NiO during the first combustion stage, CO may inhibit the 

secondary oxidation of nickel to nickel oxide through interaction with oxygen in air in 

postcombustion zone.  

In conclusion, the self-ignition temperature, which is a basic characteristic for the volume 

combustion synthesis mode, is associated to the temperatures that the reactants of the 

precursor mixture decompose, in the range of 237-242oC. It is also proposed that the self-

sustained nature of the process is mainly attributed to the highly exothermic phenomenon 

that takes place between the products of glycine and nitrates decomposition (i.e. NH3 + HNO3).  

2.3. SC synthesized materials and their applications 

SCS is a very quick and low-cost process that allows the effective production of nano-size 

materials with the desired composition and microstructure. It yields a wide range of 

technologically useful oxides with different magnetic, mechanical, electrical, dielectric, 

catalytic, optical and luminescent properties.[65] Furthermore, ferrites, perovskites, spinels, 

garnets, phosphates, metals and alloys are also synthesized by SCS and have a broad range of 

applications. The various properties and microstructure of all of the above SCS-derived 

materials resulting from the controllability of the products’ shape, texture and structure that 

SCS provides, make it an alluring route for their synthesis. 

Many papers have been published focusing on producing SC synthesized materials for solid 

oxide fuel cells (SOFC) [174-177] and direct methanol fuel cells (DMFC) [178-179] as well as for 

supercapacitors [180], batteries [181] and dye-sensitized solar cells [182]. Furthermore, various 

phosphor-based materials have been produced by SCS and they have a big range of 
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applications such as detection of ionizing radiation and dense scintillators [183], long lasting 

phosphorescence materials [184], red phosphors [185], fluorescent lamps, colored lightning for 

advertising industries and other optoelectronic devices [186], long persistent luminescent 

materials [187], magneto optical films and materials for solid state lasers [188], and red emitting 

phosphor used in CRT screens, plasma displays and fluorescent lamps [189]. They have also 

application as pigments, oxygen storage capacitors, magnetic ad dielectric materials, oxygen 

sensors, for catalysts support and catalysts. 

Nanomaterials of diverse nature have attracted major research interest due to their unique 

size-dependent properties that are not typically found in the corresponding bulk material. 

Importantly, nanomaterials demonstrate a high specific surface area to volume ratio, which is 

the basis of their novel physical-chemical properties and fundamental characteristic for 

catalysts’ preparation.[190] 

Among the nanomaterials, metal nanoparticles gather great scientific interest in modern 

materials chemistry and physics, as they find a wide range of application in such fields as 

nanoelectronics, optics, photochemistry, catalysis, etc. Podbolotov et al. [191], who investigated 

the influence of fuel nature on copper nanopowders, employed a novel approach of SCS 

(Fig.2.11) as an efficient alternative for fine metal nanopowder synthesis. Furthermore, it was 

illustrated that the microwave-assisted foam preparation accelerates water removal, 

decomposition of fuels, copper oxide nucleation, and its reduction during the combustion 

process due to promotion of reducing the mixture of gases access to whole volume of reaction 

mixture.[191] 

 

Figure 2.11. Schematic representation of Cu nanopowders synthesis procedure. [191] 
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3. Catalysts derived by solution combustion synthesis 

Part of the results presented here has been published in the Advanced Engineering 

Materials Journal, 2018, 20, 1800047, in the Special Section: Exothermic and Non‐

Isothermal Processing of Advanced Materials 

There are currently various synthesis approaches for the preparation bulk and supported 

catalysts, such as sol–gel, impregnation and deposition–precipitation.[192-194] Expensive raw 

material or long thermal treatment or the use of separation methods is demanded in these 

approaches, in order to obtain the final product, resulting in severe raise of production costs. 

Conversely, SCS is an approach that involves moderately rapid development of novel materials 

with intriguing catalytic properties at relatively low costs.[107] It is a relatively new approach for 

catalysts manufacturing and it involves elements of conventional techniques combined with its 

own unique methods.[68] A wide range of catalysts derived by SCS is listed in Table 3.1., 

including the employed fuel and their application. 

Table 3.1: SCS prepared catalysts, used fuel, and their application. [64, 107] 

Catalyst Fuel used Application 

LaBO3 B=Cr, Mn, Fe, Co Urea Decomposition of N2O to N2 and O2
[195] 

Cu/CeO2 Urea De-NOx catalyst [196] 

Ce0.98Pd0.02O2-δ Oxalyl dihydrazide Selective CO oxidation [197] 

Cu/ZnO/ZrO2/Pd Glycine Oxidative hydrogen production from 
methanol [198] 

Ni Glycine Partial oxidation of methane to syn-gas [199] 

WO3-ZrO2 Urea Solvent-free synthesis of coumarins [200] 

WO3 Glycine, urea, 
thiourea 

Removal of organic dye from water [201] 

TiO2 Glycine Carcinogenic hexavalent chromium 
reduction [202] 

MgO Glycine Fluoride removal from drinking water [203] 

CexZr1-xO2 Polyvinyl alcohol Oxidation of carbon monoxide [107] 

La1-xKxFeO3 Iron Soot combustion [204] 

CuxCryOz Glycine and citric 
acid 

Burn of solid propellants [205] 
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Assuming a catalytic process is not controlled by transport limitations, the activity of solid 

catalysts is generally proportional to their surface area per catalytically active volume. This 

implies that, for high catalytic activity, small catalytic particles are necessary. [206] However, 

small particles are thermodynamically unstable and are known to grow during heat treatment, 

sometimes uncontrollably, at temperatures where the pretreatment and the catalytic reaction 

are studied. As a result, the size of catalytic crystallites needs to be optimized to ensure both 

high thermal stability and satisfactory catalytic activity. Thus, to obtain a solid tailored catalyst 

with specific properties such as shape, density, porosity, phase stability, mechanical strength, 

activity and selectivity, two approaches are possible: 

1. The production of active bulk catalysts, which are then combined with suitable materials to 

meet the criteria of shape and mechanical stability. For the accomplishment of conversion and 

product specifications, mild conditions during combustion (such as low temperature, low 

reaction pressure, high space velocities, etc.) are applied in bulk catalysts.[107] The as-prepared 

porous foam-like aggregates or powders are ready to be used directly as catalysts. [68] In this 

group, simple and complex oxides as well as alloys are included. An example of bulk SCS-

derived catalyst is cerium- or nickel substituted LaFeO3 perovskites, as reported by Erri et 

al.[207] after calcinations they exhibited high activity and stability for autothermal reforming of 

hydrocarbon mixtures (JP-8). 

2. The synthesis of supported catalysts, where the active phase is deposited onto a solid 

support employing a quick reaction at high temperatures.[68] The support is usually 

thermostable and provides the desired shape, mechanical strength and porosity to the 

synthesized catalyst. However, the supported active species can achieve the product 

specifications under mild and severe reaction conditions.[107] For example, Piumetti et al. 

synthesized manganese oxides onto pore-free cordierte (2MgO·2Al2O3·5SiO2) monolith filters. 

They immersed the filters into a manganese nitrate and glycine containing reactive solution 

and placed them in a preheated furnace for the combustion initiation. The synthesized Mn3O4 

evenly coated the support and the thickness of layer appeared to be controlled by regulating 

the concentration of reactants in the precursor solution.[68, 208] 

3.1. Hydrogen production processes on SCS catalysts 

Hydrogen is a fuel of high importance, as it is widely considered as the next-generation energy 

carrier because of its special characteristics. It is clean fuel as it is environmentally friendly and 
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can be produced in a renewable manner for a huge prospective transportation market, for 

backup power, and for domestic gas grids.[209] The steam reforming of methanol, partial 

oxidation of methanol or ethanol, natural gas conversion and biogas oxy-steam-reforming are 

considered the most popular ways to efficiently produce large amounts of hydrogen. Catalysts 

reported in literature for hydrogen production include mostly noble (e.g. Pt) as well as non-

noble metals (e.g. Ni), several bimetallic compositions and variety of support materials such as 

ceria and γ-alumina. The hydrogen generation over SCS catalysts was studied by various 

researchers during the last few years. 

In the available literature, metals of groups 8–10 of the periodic table, and particularly nickel, 

are employed as catalysts for the partial oxidation reactions preferred for industrial 

applications.[210] However, investigations on partial oxidation of ethanol, were performed over 

copper-based catalysts.[211] Copper exhibited high activity and selectivity for the production of 

mainly acetaldehyde and hydrogen from ethanol, but promoters and supports are crucial to 

inhibit both metal sintering and surface contamination due to the acetaldehyde adsorption 

and the formation of coke. Typically, the products of partial oxidation of ethanol are hydrogen, 

acetaldehyde, methane, ethylene, CO and CO2.[212-216] 

Methanol steam reforming (MSR) reaction has been characterized as a highly appealing and 

prospective process for hydrogen synthesis and it can be described by the following chemical 

reactions: CH3OH+H2OCO2+3H2, CO+H2OCO2+H2, CH3OHCO+2H2. Steam reforming of 

methanol has been widely investigated and the most ordinary catalysts are based on copper, 

such as Cu/ZnO/Al2O3, working in a temperature range of 240–260 °C.[219-222] The steam 

reforming of methanol generation over SCS catalysts was studied by various researchers 

during the last few years.[223-229] 

Nowadays, the United States has the highest hydrogen production which is yielded mainly via 

steam reforming of methane (CH4+H2OCO+3H2). The production process involves a high-

temperature steam (700°C–1000°C) which is used to generate hydrogen from a methane 

source, such as natural gas. In steam reforming of methane, steam reacts with methane under 

3–25 bar pressure over a catalyst in order to synthesize hydrogen, carbon monoxide, and a 

rather small volume of carbon dioxide. [230-232] 

Biomass is derived from various organic raw materials in different sectors ranging from 

zootechnical to agro-industrial. Biogas, which is considered to be among the most common 
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renewable fuels, is obtained from biomass, [233-234] and it consists of 50-75% CH4, 25-45% CO2, 

2-7% H2O (at 20-40 °C), 2% N2, less than 1% H2/H2S and traces of O2, NH3, halides and 

siloxanes.[235] The biogas employment for syngas/hydrogen production by reforming processes 

[236] to feed fuel cells is illustrated as an alternative direction to avert the conventional use of 

this renewable fuel in less adept and polluting engines to yield energy and heat. Among the 

attainable reforming reactions, steam reforming (SR) is widely employed for hydrogen 

generation (CH4+CO22CO+2H2), since it is the widest and typically most cost-effective way 

specifically for applications in industry.[237-244] 

3.2 Oxidation reactions on SCS catalysts 

PROX is an acronym for PReferential OXidation, while CO-PROX refers to the preferential 

oxidation of carbon monoxide over a catalyst. The catalysts that are usually employed include 

metals such as platinum, iron, ruthenium, gold and copper based catalysts. The CO-PROX 

reaction (CO + H2O H2 + CO2) is an important research area in association to the design of 

fuel cells. However, the extensive presence of hydrogen results in, occasionally, the yield of 

the competing undesired reaction 2H2 + O2 2H2O.[245-247] 

Catalytic oxidation of CO is a known and commonly used process in the industry: clearing of ex-

haust gases of internal combustion engines, gaseous waste of petrochemical and metallurgical 

manufactures, generation of pure gases, CO oxidation for production of pure (without CO) 

hydrogen for proton-exchange membrane fuel cells. CO oxidation is an elementary step in 

many important industrial processes such as the production of methanol and the water-gas 

shift reaction. End-of-pipe-technology that employs noble metal catalytic converters is 

recommended in order to restrain vehicular exhaust pollution. The CO oxidation reaction over 

late transition metals has been the most widely studied surface catalyzed reaction, while the 

development of active and stable catalysts for this process under an ambient atmosphere 

remains a intriguing challenge.[248-252] 

Catalytic oxidation is recognized among the most efficient techniques for removing Volatile 

Organic Compounds (VOC), due to the fact that the diluted fuel oxidation occurs at relatively 

low temperatures resulting in low emissions of NOx and unburned fuels.[253-254] This approach is 

highly versatile, and provides the option of treating waste streams with various concentrations 

of VOC and effluent flow rates.[255-259] 
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The solid carbon (soot) is responsible for diesel exhaust particulates formation and can be 

burnt off above 600 °C, despite the fact that the exhaust temperatures of diesel engines 

typically range between 200–500 °C.[260] Consequently, oxidation catalysts can be employed to 

enhance the oxidation rate of filter traps at lower temperatures. Typically, among the most 

active soot oxidation catalysts are materials based on ceria under either O2 or in a NOx/O2 

atmosphere. Ceria alone, or in combination with other metal oxides, is possible to exhibit 

promising activity during soot oxidation.[261-265] 

The oxidation of alcohols is among the principal reactions in organic chemistry [266] and are 

alluring for the evolution of environmentally friendly processes, [267] synthesis of original 

materials [268] and energy sources.[269-270]  There are two oxidative routes available for the 

primary alcohols (R-CH2-OH) that yield either aldehydes (R-CHO) or carboxylic acids (R-CO2H), 

while the oxidation of secondary alcohols (R1R2CH-OH) typically finishes at the  stage of ketone 

(R1R2C=O) and notably, tertiary alcohols (R1R2R3C-OH) are resistant to oxidation.[271]A recent 

environmentally compatible and sustainable approach induces aerobic oxidations over 

transition-metal catalysts (based on Pd, Ru, Fe, Cu, Pt, Au, Ir, Rh, etc.,) and dioxygen or 

hydrogen peroxide as oxidants.[270] Various SCS-derived catalysts such as spinels and 

hexaluminates were employed to catalyze this process.[271-277] 

3.3. Methanation reaction on SCS catalysts 

Relatively complete combustion and satisfactory calorific value makes natural gas a highly 

efficient and comparatively greener-than coal fuel.[278] Synthetic natural gas is often produced 

from coal or biomass by catalytic reactions.[279-280] A well developed technology to synthesize 

natural gas from syngas (H2 + CO) is methanation which has attracted a lot attention in the 

community in the past few years.[281-282] In 1902, Sabatier and Senderens first demonstrated 

that reaction of CO with H2 over a nickel catalyst generates methane.[283] Ruthenium, nickel 

and copper based catalysts are widely used for the CO methanation reaction, while nickel, in 

particular, is perpetually preferred in industry for the broad availability and relatively low-

cost.[284] Especially, Ni-based catalysts supported on Al2O3 have been extensively employed as a 

result of its high performance-cost ratio.[285] 

Selective CO methanation (CO + 3H2 → CH4 + H2O) is an investigated process with relatively 

high potential to reduce the trace of CO in H2-rich reformate gas mixture, which is a fuel for 

the proton exchange membrane fuel cell. During this operation, all the required reactants (CO 
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and H2) are already present in the reformate gas created via the steam-reforming and water-

gas-shift reactions.[286] It should be considered, however, that the side reactions - e.g. CO2 

methanation (CO2 + 4H2 → CH4 + 2H2O) and water-gas-shift reaction (CO2 + H2 ↔ CO + H2O) - 

may also occur simultaneously and they inevitably exhaust a large quantity of hydrogen. 

Therefore, it is a challenging subject to investigate.[287-291] 

3.4. Liquid phase hydrogenation on SCS catalysts 

The liquid-phase hydrogenation reaction is primarily employed in order to compare the 

catalytic activity of tested catalysts in order for them to be used in gas-phase high temperature 

hydrogenation industrial processes. However, there are some compounds, which can be 

produced at low temperature by liquid phase hydrogenation in industry.   

Mistri et al.[292] delivered for the first time nano-sized bimetal-ion-substituted ceria, 

Pd0.01Ru0.01Ce0.98O2−δ (PdRuC2) by SCS towards liquid-phase hydrogenation of p-

chloronitrobenzene. PdRuC2 has been evaluated as more active and selective than the 

monometal ion substituted counterpart Pd0.02Ce0.98O2−δ (PdC2). It is worth noting that 

Ru0.02Ce0.98O2−δ (RuC2) was not active in the hydrogenation of p-chloronitrobenzene to p-

chloroaniline under ambient conditions in the aqueous phase. The enhanced activity and 

selectivity of the PdRu bimetal catalyst has been associated to the involvement of Ru4+-

promotion in PdRuC2, while it exhibited high catalytic activity towards the hydrogenation of o-, 

m-chloronitrobenzene and nitrobenzene.[68] 

3.5. Further applications of SCS catalysts in various processes 

The generation of methanol from CO and H2 has acquired more importance since methanol is 

one of the materials that can substitute the petroleum as a fuel. In terms of industrial 

manufacturing, methanol is synthesized on copper-based catalysts such as Cu/ZnO/Al2O3 and 

Cu/ZnO/Cr2O3 from synthesis gas consisting of carbon monoxide, carbon dioxide and hydrogen 

in a gas-phase procedure at high pressures and temperatures.[293-297] 

Dye degradation with photocatalysis takes place through photosensitization (self-dye 

degradation) and/or photooxidation (by reactive species produced). Both mechanisms depend 

on the electronic structures, especially the band structure, of the catalyst and the dye. 

Synthetic dyes used for clothes, leather accessories, and furniture production, up to 12% of 

these dyes are wasted during the dying process and approximately 20% of this wastage 
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infiltrates into the environment and particularly into water supply. Heterogeneous 

photocatalysis is a well-recognized approach for environmental purification. [298-299] 

SCS-derived catalysts were also employed in other processes such as the photodegradation of 

methylene blue [300-302], in processes for bacterial protection [303], in a single cylinder diesel 

engine [304], in transesterification process (that converts triglycerides, like vegetable oil, into 

fatty acid methyl esters, commonly known as biodiesel) [305] as well as in low temperature 

selective catalytic reduction of ammonia [306]. Moreover, “incipient wetness” approach and 

“glycine nitrate” method were compared for the synthesis of Ni-based SCS catalyst, where it 

was concluded that glycine nitrate process offered enhancement of the catalysts’ stability and, 

on the basis of the de-coking mechanism, its reducibility over n-dodecane pre-reforming.[307] 

Last but not least, hydrogen storage is one of the most crucial challenges that the hydrogen 

based economy faces. Recently, metal hydrides, and especially sodium borohydride (NaBH4), 

have been receiving increased attention as a possible alternative storage method to 

compressed gas systems. Pfeil et al. [308] reported the fabrication of a SCS nanostructured 

cobalt oxide (Co3O4) as catalyst precursor for the hydrolysis of NaBH4 and concluded that the 

CS cobalt oxide outperformed the commercially available cobalt oxide. Its supremacy is 

ascribed to its nano-foam morphology and crystallinity, as during the hydrolysis it is in situ 

converted to an amorphous catalyst with high specific surface area and honeycomb type 

morphology. 

In conclusion, SCS has exponential distribution all over the world because of the major 

advantages that offers and it is a very prospective approach for synthesis of catalysts. As it has 

been already mentioned, combustion approach employed in numerous types of reactions, as it 

provides catalysts with various structures and properties. Moreover, SCS offers the possibility 

of synthesizing nickel nanocatalysts and impregnated catalysts with low cost in a short period 

of time. It allows the regulation of catalysts activity and selectivity as a function to the 

composition of the precursor mixture, the additives and the parameters of reaction that will 

be adopted. 
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Aim of work 

Solution combustion synthesis meets the demands of material science and engineering in 

tailoring and producing a plethora of novel materials with desired composition, structure and 

properties which is a very important issue for synthesis of selective catalysts. It is possible to 

produce nanocatalysts with high specific surface area and tailored properties by SCS. This 

clearly explains and justifies our choice of this method for the catalysts synthesis. Moreover, 

the lack of studies of SCS catalytic behavior in the liquid-phase hydrogenation as well as its 

suitability for catalytic tests in the laboratory scale led us to test the as-synthesized catalysts 

activity with this reaction. 

This research project is aiming to identify a range of active catalysts made by combustion 

synthesis, for the hydrogenation of unsaturated hydrocarbons, in the example of maleic acid 

liquid-phase hydrogenation. In addition to the technical applicability of such catalysts in 

industry, the project will enable a deeper understanding of the mechanisms during SCS 

reactions as well as elucidation of the parameters that affect the SCS final products properties 

enabling a measure of predictability in producing new active catalysts. 
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Part B 

4. Methodology 

4.1. Materials 

In Table 4.1 that follows, the materials that have been used for catalysts production using 

Solution Combustion Synthesis (SCS) are listed. Also, the manufacturers and their assay are 

included. 

Table 4.1. Materials used for SCS catalysts production and the hydrogenation reaction. 

Material Manufacturer Assay/Purity 

Nickel (II) nitrate hexahydrate for 

analysis [Ni(NO3)2·6H2O] 
Merck 99.0-102.0 % 

Aluminium nitrate nonahydrate for 

analysis [Al(NO3)3·9H2O] 
Carlo Erba ≥99.0 % 

Glycine for synthesis [CH2NH2COOH] PanReacAppliChem 99.0 % 

Maleic acid [HOOCCH=CHCOOH] Riedel-de Haën 99.0 % 

Isopropyl alcohol [CH3CH(OH)CH3] Sigma Aldrich ≥99.8 % 

Urea [CH4N2O] Sigma Aldrich ≥99.5 % 

Carbohydrazide [CH6N4O] Sigma Aldrich 98% 

Hydrogen [H2] Air liquide 99.999% 

 

4.2. Catalysts produced by Solution Combustion Synthesis (SCS) 

The initial solution used for SCS contained the oxidizers and the reducer. Distilled water has 

been used to facilitate the mixing of reactants and in most cases the initial SCS mixture was 

pre-heated in a borosilicate glass beaker on a hot plate with mild magnetic stirring until the 

temperature reached 70oC. Then, it was placed in a pre-heated furnace at 500oC to enable SCS 

reactions, thereby yielding different nano-and micro- structured powdered catalysts. Once SCS 

is completed, the beaker is left to cool inside the furnace or removed and allowed to cool at 

room temperature. 
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The oxidizers that used as reactants are nickel (II) nitrate hexahydrate [Ni(NO3)2·6H2O], 

aluminium nitrate nonahydrate [Al(NO3)3·9H2O], and glycine as fuel. All produced catalysts are 

consequently Ni-based, as Ni is widely used as catalyst in industrial processes.  

It was observed that Solution Combustion Synthesis is a very sensitive technique and its 

products are influenced by many different parameters. There are not many reports that 

examine these parameters and for those reasons, it was found necessary to investigate them. 

The parameters that studied here are the following: 

 Quantity of initial SCS solid mixture 

The quantity of initial mixture affects immediately the combustion temperature as well as the 

exothermic reaction’s energy. The quantities that were studied are 3, 6, 9, 12 g nickel nitrate 

hexahydrate, 50% glycine with 10ml distilled water placed in a pre-heated furnace at 500oC 

after the end of combustion the beaker was removed from the furnace and left to cool in room 

temperature. 

 Time in furnace after SCS ended 

After the combustion ended, the samples [with initial composition: 9g nickel nitrate 

hexahydrate, 50% glycine and 10ml distilled water for a total solid mass of 14g] were placed in 

the pre-heated furnace at 500oC.Once, the reaction ended they were left in the heated furnace 

for 0, 2, 7, 10 minutes. 

 Preheating temperature 

The initial SCS mixture consisted of 66.7%wt. nickel nitrate hexahydrate with 33.3%wt. glycine 

as a fuel (for a total solid mass of 14g) and it was placed in the pre-heated furnace at four 

different temperatures (500, 600, 650, 700oC). After combustion synthesis ended the beaker 

was removed from the furnace and left to cool down in room temperature. 

 Heated stirring as pre-treatment for SCS initial solution 

Various quantities of water (25, 50, 75, 100ml) were mixed with 66.7%wt. of nickel nitrate 

hexahydrate and 33.3%wt. glycine (for a total solid mass of 14g) and 8 solutions were prepared 

– 2 with each quantity of water. One solution from each water quantity was pre-heated in a 

borosilicate glass beaker on a hot plate with mild magnetic stirring until the temperature 

reached 70C. At that point the beaker is placed in a pre-heated furnace at 500C in air 
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atmosphere for the SCS to take place. The other four solutions (with 25, 50, 75 and 100ml of 

water) were placed directly in the furnace without any pretreatment. In all experiments, after 

the completion of the SCS cascade of reactions, the beaker was removed from the furnace and 

left to cool down in room temperature. 

 Water quantity in the initial SCS solution 

The initial solution used consists of 66.7%wt. nickel nitrate hexahydrate [Ni(NO3)26H2O] as the 

oxidizer with 33.3%wt. glycine as the reducer for a total solid mass of 14g.The solid mixture 

was then dissolved in 25, 50, 75 or 100ml of distilled water and placed on a hot plate with mild 

magnetic stirring up to 70oC. The beaker was then placed in the pre-heated furnace at 500oC to 

enable SCS. 

 Initial SCS mixture composition 

Different proportions between nickel nitrate hexahydrate (20, 40, 60, 80%wt.) and aluminium 

nitrate nonahydrate (80, 60, 40, 20%wt. correspondingly) with 60% of the total reactants’ mass 

glycine and 75 ml distilled water were studied. The four samples were pre-heated on a hot 

plate with mild magnetic stirring until the solution’s temperature reached 70oC. Then, they 

were placed in the furnace which was in room temperature with target temperature 500oC and 

heating rate 7-7.5oC/min. 

The same proportions were investigated by using 40%wt. of the total reactants’ mass glycine 

and the mixture was placed in a pre-heated furnace at 500oC after pre-treatment. 

 Type of reducer 

Three different fuels (glycine, urea and carbohydrazide) were added in the precursor mixture 

with initial concentration: 40%wt. nickel nitrate hexahydrate, 60%wt. aluminium nitrate 

nonahydrate and 75ml of water. The total mass of the employed nitrates was 10g and the 

quantity of the added fuel was 4g. The four samples were pre-heated on a hot plate with mild 

magnetic stirring until the solution’s temperature reached 70oC. Then, they were placed in the 

furnace which was in room temperature with target temperature 500oC and heating rate 7-

7.5oC/min. 
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 Fuel concentration in the initial solution 

Four different quantities of glycine (40, 50, 60, 80%wt.) with standard quantity of nickel nitrate 

hexahydrate (9,34g) were mixed with 75ml of distilled water. The mixture was placed on a hot 

plate with mild magnetic stirring until the temperature reached 70oC and then placed in the 

pre-heated furnace at 500oC.  

 Heating mode 

The same four experiments (with the four different quantities of glycine) were repeated but 

the way to heat the mixture was changed. The initial SCS mixture was placed in the furnace 

which was in room temperature and its target temperature was 500oC. The furnace’s heating 

rate is 7-7.5oC/min. 

 Fuel to oxidizer ratio 

The ratios between the fuel-glycine and the oxidizer-nickel nitrate hexahydrate that were 

investigated are 0.5, 0.75, 1 and 1.25. The initial quantity of nickel nitrate hexahydrate added 

in the SCS solution was 9.34g and kept constant. 100ml of distilled water was also added and 

the beaker containing the initial SCS solution was placed on a hot plate with mild magnetic 

stirring until the temperature reached 70oC. The beaker was then placed in the pre-heated 

furnace at 500oC and once the combustion was over it was removed from the furnace and left 

to cool down in room temperature.  

4.3. In-flight SCS  

Combustion-assisted flame spraying (“CAFSY”) was recently developed to produce catalytically 

active nickel aluminide coatings on ceramic substrates.[309] The CAFSY process showed that 

combustion synthesis occurs both in-flight as well as on the substrate.  Marinou et al. reported 

on Ni-based catalysts produced by in-flight SCS during flame spraying, a novel method which 

combines conventional flame spraying and solution combustion synthesis into a single step. A 

fine spray of the aqueous SCS solution is inserted into the flame wherein the water is 

evaporated and the SCS catalyst is synthesized rapidly in the flame. The fine particles of nano-

structured catalysts are then applied as coating on a Mg-Al-O spinel carrier and penetrate very 

efficiently into all the surface pores. Figure 4.1 shows the schematic diagram of the in-flight 

SCS during flame spraying and presents the main parts of the novel arrangement. 
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Figure 4.1. Schematic diagram of in-flight SCS during flame spraying.[37] 

In this attempt nickel-based nano-catalyst was synthesized by in flight Solution Combustion 

Synthesis (SCS) from starting solutions of nickel nitrate Ni(NO3)2·6H2O with  glycine as fuel in 

the ratio of 2:1. In order to facilitate the homogenization 100ml distilled water was added to 

the initial SCS mixture. Flame spraying was carried out by a Sulzer’s Metco Thermospray Gun 

(5P-II) and the solution was introduced into the flame using an adjustable nebuliser. The 

synthesized SCS nano-catalysts were deposited as thin coatings on a ceramic Mg-Al-O  carrier 

previously made by SHS from an initial mixture of 7.41% Al + 8.33% Mg + 39.63% Mg(NO3)2 + 

32.41% Al2O3+ 4.81% MgO + 7.41% H2BO3.  

The spraying parameters that were applied are:  

 O2/C2H2=1.18 (oxidizing flame) 

 Additional air in the flame=1bar 

 Distance (between the gun and the substrate)=10cm 

 Spraying duration=2min 

 Carrier gas (the air that flows through the nebulizer)=4bar 

4.4. Catalytic studies 

The activity of the SCS catalysts synthesised was studied in liquid-phase hydrogenation of 

unsaturated hydrocarbons(H/C).The installation, as illustrated in Figure 4.2, consists of a 

shaker-reactor in a water bath kept stable the selected temperature for reaction. An amount 

of catalyst is added in the catalytic reactor with 30 ml of distilled water. After this, the 

unsaturated hydrocarbon is added in calculated quantity for reaction with 50ml of hydrogen at 

atmospheric pressure. Both catalyst saturation with hydrogen and hydrogenation are carried 

out under continuous mechanical stirring (360-380 rpm). Measurements of the amount of 

reacted hydrogen are taken every minute at atmospheric pressure. To check reproducibility, 
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each hydrogenation test was repeated at least three times. The reproducibility was found to 

be within ±5%. 

A platinum/calomel electrode is used in the reactor in order to monitor hydrogen adsorption 

and the saturation of the powdered catalysts is monitored over one hour. Calomel electrode is 

a reference electrode based on the reaction between elemental mercury and mercury (I) 

chloride. The aqueous phase in contact with the mercury and the mercury (I) chloride (Hg2Cl2, 

"calomel") is a saturated solution of potassium chloride in water. The electrode is linked via a 

porous frit to the solution in which the other electrode is immersed. This porous frit is a salt 

bridge. 

It is well-known that the hydrogen region on the charging curve of platinum is an isotherm of 

hydrogen adosprion. The measurement of the differences in the potential during 

hydrogenation permits to evaluate the concentration ratio of the reactive substances on the 

catalytic surface and approximately estimate the degree of surface coating with hydrogen. It 

estimates the energy of the hydrogen bonding which participates in the catalytic reaction. It is 

also mentioned that a higher degree of hydrogen coating ( 90-99%) is required in the case of 

the double bond hydrogenation. On the contrary, when the aim is the saturation of the triple 

bond a significantly lower degree of hydrogen coating is desired ( 30-40%), as the surface has 

to be available for the various reactive molecules to be able to adsorb. [310] 

 

Figure 4.2. Schematic representation of the catalytic hydrogenation installation. The main 

parts are: 1.reactor 2.solvent with catalyst 3.Calomel electrode/Pt electrode 4.unsaturated 

hydrocarbon inlet 5.reactor’s water bath for temperature control 6.thermocouple for control 

of reactor’s heating 7.shaking mechanism 8.heater 9.temperature controller 10.signal buffer 

11.vessel for pressure adjustment 12.burette 13.H2 bottle 
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Liquid-phase hydrogenation is a very sensitive technique and allows the study of parameters 

that influence it. Its sensitivity is because of the reactions as well as the adsorption 

phenomena take place in liquid phase and reaction’s temperature is very low. The parameters 

that have been studied in this work are described below. 

 Reaction temperature 

This factor is one of the most important in catalytic studies, as it can affect the rate of the 

hydrogenation reaction. The temperatures that have been tested are 70, 80, 90, 95oC. In these 

tests, 0.26g maleic acid were used (calculated for 50ml of hydrogen) as the unsaturated 

hydrocarbon and a SCS catalyst with initial mixture 66.7%wt. Ni(NO3)2, 33.3%wt. glycine, 100ml 

distilled water. 

 Quantity of catalyst 

The quantity of catalyst plays also a significant role in the yield of catalytic reaction as it is 

directly linked to the surface of reaction. 0.5, 1, 1.5 and 2g of Ni-based catalyst [initial SCS 

mixture: 66.7%wt. Ni(NO3)2, 33.3%wt. glycine, 100ml distilled water] were tested in liquid-

phase hydrogenation of maleic acid (0.26g – calculated for 50ml of hydrogen) at 80oC. 

 Diluter’s nature 

By changing the diluter used in liquid-phase hydrogenation the capability of substances to 

dilute changes as well as the adsorption of hydrogen and reactants on the catalyst. Water, and 

isopropyl alcohol were looked into for maleic acid’s hydrogenation on Ni-based SCS catalysts 

[SCS initial mixture: 66.7%wt. Ni(NO3)2, 33.3%wt. glycine, 100ml distilled water] at 80oC. 
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Table 4.2: Table of the investigated parameters for Solution Combustion Synthesis (SCS) of 

catalysts and liquid-phase hydrogenation of maleic acid. 

SC
S:

 N
i(
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3
) 2

 –
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ly
ci

n
e 

sy
st

em
 

Changing 
parameter 

Materials and 
processing conditions 

Experiments 

Concentration 
of Ni(NO3)2 

Ni(NO3)2 
50%wt glycine 

75ml H2O 

T=500C 

3g 6g 9g 12g 

Quantity of 
glycine 

9.3g Ni(NO3)2 
glycine 

100ml H2O 

T=500C 

50% 75% 100% 125% 

Heating mode 
9.34g Ni(NO3)2 

glycine 
75ml H2O 

Slow heating 

 (25       500C) 
Preheated furnace 

(500C) 

Time in furnace 
after SCS 

66.7%wt Ni(NO3)2 
33.3%wt glycine 

75ml H2O 

T=500C 

0min 2min 7min 10min 

Preheating 
temperature 

66.7%wt Ni(NO3)2 
33.3%wt glycine 

500C 600C 650C 700C 

Reactants 
concentration 
in the aqueous 

solution 

66.7%wt Ni(NO3)2 
33.3%wt glycine 

T=500C 
25ml H2O 

50ml 
H2O 

75ml 
H2O 

100ml 
H2O 

Pretreatment 
of the 

precursor 
solution 

66.7%wt Ni(NO3)2 
33.3%wt glycine 

75ml H2O 

T=500C 

Pretreated samples 
No-pretreated 

samples 

Fuel-to-oxidizer 
ratio (φ) 

9.34g Ni(NO3)2 
glycine 

75ml H2O 

T=500C 

φ=1.4 φ=1.74 φ=2.08 φ=2.78 
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 Nature of fuel 

40%wt Ni(NO3)2 
60%wt Al(NO3)3 

4g fuel 
75ml H2O 

T=500C 

Carbohydrazide     Urea    Glycine 

Ratio of 
oxidizers 

Ni(NO3)2 – 
Al(NO3)3 

40%wt Ni(NO3)2 
60%wt Al(NO3)3 

4g glycine 
75ml H2O 

T=500C 

20%  
Ni(NO3)2 

40% 
Ni(NO3)2 

60% 
Ni(NO3)2 

80% 
Ni(NO3)2 

P
ar

am
et

e
rs

 o
f 

h
yd

ro
ge

n
at

io
n

 Reaction 
temperature 

- 
70C 80C 90C 95C 

Quantity of 
catalyst 

- 
0.5g 1g 1.5g 2g 

Type of diluter 
- 

Distilled water Isopropyl alcohol 
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4.5. Characterisation of the SCS catalysts 

4.5.1. X-Ray Diffraction (XRD) 

The crystal structure and microstructure of the synthesised catalysts were determined by 

several methods. Crystal structure was determined by X-ray diffraction measurements on a 

Siemens Spellman DF3 spectrometer with Cu-Kα radiation. XRD patterns were recorded in an 

angle range (2θ) between 5 and 100 degrees and with step 0.03o/sec. The peaks were 

identified by using the Joint Committee on Powder Diffraction Standards (JCPDS) database and 

Crystallographica software.  

The substrate employed for the XRD measurements provided the following X-ray diffraction 

pattern (Fig.4.3), when it was examined without any sample on. Depending on the thickness of 

the tested sample, any of two major peaks (2θ14.1, 17) occasionally appear on the diffraction 

patterns of the examined nanopowders. These peaks were not in conflict with any sample 

peaks. 
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Figure 4.3. XRD pattern of the employed substrate for the XRD measurements. 

For semi-quantitative XRD analysis, 10%wt. KCl was added in all samples as an internal 

standard. By normalising the XRD results against the 10% KCl  internal standard and calculating 

the peak ratio of intensities of particular peaks (making sure that they are unique for each 

phase) it is possible to determine the relative content of each phase in the material. The hkl of 
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the peaks selected for each phase were: for nickel 111, for nickel oxide 101 and for potassium 

chloride 100. 

Bragg’s law 

An X-ray which reflects from the surface of a substance has travelled less distance than an X-

ray which reflects from a plane of atoms inside the crystal. The penetrating X-ray travels down 

to the internal layer, reflects, and travels back over the same distance before being back at the 

surface. The distance travelled depends on the separation of the layers and the angle at which 

the X-ray entered the material. For this wave to be in phase with the wave which reflected 

from the surface it needs to have travelled a whole number of wavelengths while inside the 

material. Bragg expressed this in an equation now known as Bragg's Law: [311] 

             

λ: wavelength of the rays 

ϑ: the angle between the incident rays and the surface of the crystal 

d: the spacing between layers of atoms 

n: order (constructive interference occurs when n is an integer) 

When “n” is an integer (1, 2, 3 etc.) the reflected waves from different layers are perfectly in 

phase with each other and produce a bright point on a piece of photographic film. Otherwise 

the waves are not in phase, and will either be missing or feint. 

For the calculation of crystal lattice spacing (d), the order was kept constant and equal to 1 and 

the wavelength equal to 1.5406nm, as the XRD spectrometer used has Cu-Kα radiation. 

 

Scherrer’s equation 

  
   

      
 

Scherrer formula [312] was developed in 1918, to calculate the nano-crystallite size (L) by XRD 

radiation of wavelength λ (1.5406Å for Cu target, Kα radiation) from measuring full width at 

half maximum of peaks (β) in radian located at any 2θ in the pattern. Shape factor of K 

(Scherrer constant) varies from 0.62 to 2.08, whilst the most common values for K are: 

 0.94 for full width at half maximum of spherical crystals with cubic symmetry 

 0.89 for integral breadth of spherical crystals w/ cubic symmetry 

 1, because 0.94 and 0.89 both round up to 1 
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4.5.2. Scanning Electron Microscopy (SEM) 

Prior to viewing in the SEM, the samples were sputter coated in the Polaron E5100 sputter 

coater. Samples are sputter coated with gold in order to make their surfaces more conductive 

and therefore less susceptible to the accumulation of surface charge. The samples were then 

attached to the appropriate SEM stages using double-side carbon tape. 

SEM uses high voltage electron beam instead of light, in order to examine objects in a detailed 

scale. Electrons are able to be focused, due to their wave nature, on a very small area.  The 

electron beam scans the sample’s surface with which it interacts. Information related to the 

atoms of the elements composing the sample is obtained from the sample’s interaction to the 

electrons. Secondary and backscattered electrons as well as X-rays are mainly transmitted 

from the atoms. The intensity of secondary electrons is influenced by the surface 

characteristics, thus SEM provides information concerning mostly the surface morphology and 

composition. By applying a detecting system for the dispersion of the X-Ray energies that are 

created on the surface from the incident beam, a semi-quantitive elemental analysis is 

possible. Energy Dispersive Spectroscopy (EDS) provides elemental information about the 

composition of the structure of the surface of a sample and it is performed in conjunction with 

SEM.  

A FEI Quanta Inspect Scanning Electron Microscope (SEM) with W (Tungsten) filament 25kV 

and 3.5nm resolution equipped with an EDAX EDS system was employed for the study of 

specimens.  

4.5.3. Transmission Electron Microscope (TEM) 

The transmission electron microscope (TEM) is a microscopy technique in which a beam of 

electrons is transmitted through a specimen to form an image. It operates on the same basic 

principles as the light microscope but uses electrons instead of light. TEM uses electrons as 

"light source" and a resolution a thousand times better than with a light microscope is 

achieved, owing to the smaller de Broglie wavelength of electrons. An image is formed from 

the interaction of the electrons with the sample as the beam is transmitted through the 

specimen. The image is then magnified and focused onto an imaging device, such as a 

fluorescent screen. Objects can be observed to the order of a few angstroms (10-10 m). The 

possibility for high magnifications has made the TEM a valuable tool in materials research. 
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An FEI CM 20 analytical High Resolution Transmission Electron Microscope (TEM) equipped 

with an EDAX Electron Dispersive X-ray Spectroscopy (EDS) system and a GIF200 Gatan energy 

filter was utilized for TEM studies. 

4.5.4. Surface area measurements 

The BET (Brunauer, Emmett, Teller) theory [313] applies to systems of multilayer adsorption and 

usually utilizes probing gases that do not chemically react with material surfaces as adsorbates 

to quantify specific surface area. Nitrogen is the most commonly employed gaseous adsorbate 

used for surface probing by BET methods. BET analysis provides precise specific surface area 

evaluation of materials by nitrogen multilayer adsorption measured as a function of relative 

pressure using a fully automated analyzer.  

The concept of the theory is an extension of the Langmuir theory, which is a theory for 

monolayer molecular adsorption, to multilayer adsorption. The resulting BET equation is: 
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where   and    are the equilibrium and the saturation pressure of adsorbates at the 

temperature of adsorption,   is the adsorbed gas quantity,    is the monolayer adsorbed gas 

quantity and   is the BET constant. 

Equation (1) is an adsorption isotherm and can be plotted as a straight line with 
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 on the x-axis. This plot is called a BET plot, as shown on Figure 4.4.  

 

Figure 4.4. BET linear plot. 
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The linear relationship of this equation is maintained only in the range of               . 

The value of the slope   and the y-intercept   of the line are used to calculate the monolayer 

adsorbed gas quantity    and the BET constant  . The following equations can be used: 

   
 

   
 (2)                         

 

 
 (3) 

The BET method is widely used in materials science for the calculation of surface areas of 

solids by physical adsorption of gas molecules. The total surface area (      ) and the specific 

surface area (    ) are given by: 

       
      

 
 (4)                          

      

 
 (5) 

where    is in units of volume which are also the units of the monolayer volume of the 

adsorbate gas,   is Avogadro's number,   the adsorption cross section of the adsorbing 

species,   the molar volume of the adsorbate gas, and   the mass of the solid sample or 

adsorbent. 

Pore analysis 

The method of Barrett-Joyner-Halenda (BJH), proposed in 1951, was originally designed for 

relatively wide-pore adsorbents with a wide pore size distribution. However, it was repeatedly 

demonstrated that it can be successfully applied to virtually all types of porous materials. The 

model is based on the assumption that pores have a cylindrical shape and that pore radius is 

equal to the sum of the Kelvin radius and the thickness of the film adsorbed on the pore wall. 

BJH analysis can also be employed to determine pore area and specific pore volume using 

adsorption and desorption techniques. This technique characterizes pore size distribution 

independent of external area due to particle size of the sample. 

 Rapid single point and multipoint specific BET surface area determinations. 

 Full BET surface area characterization of disperse, nonporous or macroporous materials 

pore diameter >50nm (type b isotherms) and mesoporous materials with pore diameter 

between 2 nm and 50 nm (type d isotherms). 

 BET surface area characterization of microporous materials (<2 nm, type a isotherms). 

 Pore volume and pore area distributions in the mesopore and macropore ranges using BJH 

analysis with a full complement of adsorbate thickness models. 

 BJH adsorption and desorption average pore diameter (4V/A) determinations. 



67 
 

The classification of adsorption isotherms and their correlation to the material’s pore shape is 

presented on Figure 4.5. The two well-recognized classifications to evaluate the type of 

isotherms and the hysteresis loop that they exhibit are the de-Boer classification (Fig.4.5a) and 

the IUPAC classification (Fig.4.5b).[313-315] 

(a) 

 

 

(b) 

Figure 4.5. a) Correlation between the type of hysterisis and pore shape, according to de Boer 

and b) IUPAC classification of physisorption isotherm types and hysteresis loops.[314-315] 
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Five types of isotherms were identified and correlated with various pore shapes by De Boer, as 

shown on Figure 4.5a. Type A corresponds to cylindrical pores; type B is related to slit-shaped 

pores; type C and D isotherms are attributed to wedge-shaped pores, and type E is produced 

by bottle neck pores.[315] The shape of pores is a very important factor to evaluate the catalytic 

performance, as it influences the absorption/desorption phenomena on the catalytic surface. 

Furthermore, according to the IUPAC classification (Fig4.5b), Type I isotherms are given by 

microporous solids having relatively small external surfaces, while the reversible Type II 

isotherm is the normal form of isotherm obtained with a non porous or macroporous 

adsorbent. The reversible Type III isotherm is convex to the x axis over its entire range and it is 

indicative of an unrestricted multilayer formation process. Finally, adsorption on mesoporous 

solids that proceeds via multilayer adsorption followed by capillary condensation result in Type 

IV and V isotherms.[314] 

Concerning the hysteresis loop IUPAC classification (Fig4.5b), type H1 is often associated with 

porous materials showing a narrow distribution of relatively uniform (cylindrical-like) pores. 

Materials that give rise to H2 hysteresis have a more complicated pore structure in which 

network effects (e.g., pore blocking/percolation) play an important role. Isotherms with type 

H3 hysteresis do not exhibit any limiting adsorption at high P/P0 that can be caused, for 

example, by the existence of non-rigid aggregates of plate-like particles or assemblages of slit-

shaped pores. H4 hysteresis loops are mainly obtained by complex materials containing both 

micropores and mesopores. Both, types H3 and H4 hysteresis contain a characteristic step-

down in the desorption branch associated with the hysteresis loop closure.[314] 

Specific surface area (BET) and BJH pore size distribution measurements were carried out on 

GAPP V-Sorb 2800 Analyser using nitrogen and helium as carrier gas. The technique 

encompasses external area and pore area evaluations to determine the total specific surface 

area, yielding important information in studying the effects of surface porosity and particle 

size in many applications. In this project, the specific surface area measurements as well as the 

BJH pore size distribution are employed for the evaluation of the synthesized catalysts. Also, 

the obtained isotherms were employed to shed light on the pore shape of the examined 

catalysts. 

B.E.T. specific surface area and pore distribution measurements were carried out on a GAPP V-

Sorb 2800 Analyser using nitrogen (99.9%) with helium (99.999%) as carrier gas. All samples 
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were subjected to degassing under vacuum (3·10-4 Torr) in two stages during pretreatment. 

During the first stage the samples were heated up to 80oC for 45min, while in the second stage 

they are heated up to 150oC for another 45min.  

4.5.5. Reversed Flow-Inverse Gas Chromatography (RF-IGC) 

Hydrogen adsorption phenomena were studied by Reversed Flow-Inverse Gas 

Chromatography (Fig.4.6). By using Reversed-Flow Inverse Gas Chromatography (RF-IGC), 

which is a time-resolved flow perturbation version of IGC, being introduced in 1980 by N. A. 

Katsanos et al.[316] and extensively used since as a tool to study various physicochemical 

processes. The physicochemical characterization of solid adsorbents and catalysts is achieved 

through the determination of various kinetic and energetic parameters over an extended 

period of time [316-318]. 

 

Figure 4.6. Schematic representation of the RF-IGC set-up for surface characterization through 

the diffusion of gases (a) and a typical chromatogram (b). [319] 

 

RF-IGC method substitutes the role of carrier-gas in classical chromatography with gaseous 

diffusion currents inside a new diffusion column vertical to chromatographic current (sampling 

column). The latter is placed a little far from the solid bed where all the physicochemical 

phenomena that take place in the absence of gas running. In addition, the direction of carrier-
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gas flow is reversed for short time intervals by using a four or six port valve. As a result, the 

chromatographic peaks taken are extra narrow and deposit onto the conventional 

chromatographic signal (Fig.4.6a & b). Based on these modifications, the carrier gas flow has 

no interference with the measurement of physicochemical quantities, which describe all 

physicochemical phenomena that take place inside the diffusion column where there is no 

flow of carrier gas but only a static pressure that it creates.  

The extra chromatographic peaks (Fig.4.6b) obtained by repeatedly reversing the carrier gas 

direction for short time intervals are called sample peaks. They have different heights 

depending on the duration of each flow reversal and the experimental parameters that affect 

those reversals are mentioned in Figure 4.6b. The fact that flow reversals occur regularly, 

suggests that it is a time-resolved experiment similar to those in chemical kinetics. Further 

details including the theoretical prediction of the sample peaks and the general principles of 

this method’s mathematical model are described in the book “Air pollution and cultural 

heritage searching for the relation between cause and effect” [319]. 

In this work, helium was used as carrier gas with a constant volumetric flow rate of 24 

cm3/min, 0.5ml of hydrogen is used as the injected reactant at atmospheric pressure and 5 cm3 

of catalyst is placed in the diffusion column. The direction of the carrier gas flow was reversed 

once every minute, which is a shorter time than the gas hold-up, in order to double the 

chromatographic signals. 

4.5.6. Temperature profile analysis 

The temperature profile analyzer that was employed has been manufactured in the Advanced 

Ceramics & Composite Materials Laboratory of NCSR “Demokritos”. The pyrex beaker 

containing the initial SCS mixture is placed in the preheated furnace at 500oC. There are three 

100 µm type K (chromel/alumel) thermocouples connected to a multiple input thermometer 

for temperature measurement, mounted in the lid and they are placed in and above the 

solution. Thermocouples were situated at a distance of 0.4, 2 and 3.5cm measured from the 

beaker’s bottom. The thermocouple system is connected on a temperature recorder and its 

data are processed by computer software (PicoLog & Microsoft Excel) in order to obtain 

temperature-time graphs. A PICO TC-08 data logger was used to record the temperature 

signals at a rate of 0.5ms. 
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4.5.7. Infra-red camera 

Infrared Camera enables the observation and the accurate quantification of heat patterns, 

leakage, dissipation, and other heat related factors in equipment, products, and processes in 

real time. In this study, the temperature of the combustion wave was also measured in-situ 

using a high-speed infrared camera (FLIR Systems, model A655SC). The camera features a 

640x480 pixel microbolometer that detects temperature differences down to <30 mK, for 

accuracy at longer distances and the time constant is less than 8ms. The speed of the 

combustion wave was calculated by analysis of the data obtained from the high-speed infrared 

camera. 

4.5.8. Dynamic X-Ray diffraction 

For in-situ observation of the combustion process and study of the dynamics of phase 

formation in the reaction front of the combustion, wave time-resolved (dynamic) X-ray 

diffraction (DXRD) was used. This method is a powerful tool for studying the mechanism of 

phase formation, since it can monitor a sample’s phase compositional changes in real time 

during the propagation of the reaction wave. For this purpose, the samples are placed in a 

small PTFE container of dimensions 20x10x2mm inside a furnace equipped with an X-ray 

source with a copper anode. A monochromator made of pyrolytic graphite was attached to the 

X-ray tube. The window of the chamber is made of a beryllium plate to ensure minimum 

possible X-ray absorption. Diffracted X-rays from the sample are recorded in the horizontal 

plane by using a 1-dimensional position-sensitive detector which can receive data over a range 

of 2θ of 30° to 75°. The detector control, synchronization of measurements and data capture 

and processing were all carried out by means of a computer. 

4.5.9. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to monitor 

the change in sample weight and any endothermic and exothermic thermal transformations 

occurring during SCS. For these studies, an STA 449F1 instrument from NETZSCH-Gerätebau 

GmbH, Germany was employed. Heating rate for all samples (weight of 17-21 mg) was 

30°C/min between 40°C and 500°C and all experiments were conducted under Ar with a flow 

rate of 80 ml/min in an alumina crucible. 
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5. Parameters that influence the liquid-phase hydrogenation of maleic 

acid 

5.1. Temperature of reaction 

5.1.1. Catalyst preparation 

The initial solution used for the employed catalyst consists of 66.7%wt. nickel nitrate 

hexahydrate [Ni(NO3)26H2O] as the oxidizer with 33.3%wt. glycine as the reducer for a total 

solid mass of 14g which gives 3g of Ni in the final catalyst. The solid mixture was then 

dissolved in 100ml of distilled water and the solution was pre-heated in a borosilicate glass 

beaker on a hot plate with mild magnetic stirring until the temperature reached 70oC and then 

placed in a pre-heated furnace at 500oC to enable SCS. Once SCS is completed, the beaker is 

removed from the furnace and allowed to cool at room temperature.  

5.1.2. Results and discussion 

The catalytic reactor was programmed in four different temperatures (70, 80, 90, 95C) for the 

hydrogenation reaction to take place. In these tests, 0.26g maleic acid were used (calculated 

for 50ml of hydrogen) as the unsaturated hydrocarbon and a SCS catalyst. The obtained results 

are presented on Figure 5.1, below. In the experiments 1g of the Ni-based SCS catalyst was 

added. 

 

Figure 5.1. The dependence of maleic acid conversion on the temperature of the reaction, 

calculated from the quantity of absorbed hydrogen. 
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It was concluded that 80C is the optimum temperature for the selected reaction. At lower 

temperature (70C) the observed catalytic activity was lower, as the temperature decrease 

resulted in a decrease of the adsorption and the reaction velocity, due to the decrease of the 

molecules’ velocity. As the temperature of the reaction increases above 80C (90 and 95C), 

the temperature of reaction is not the limiting stage but adsorption is. In other words, when 

the temperature of reaction is above the 80C, the adsorption rate alters due to the enhanced 

water evaporation. At 90 and 95C the solvent evaporation increases and because of the 

reduced quantity of the solvent, the dissolution of the reaction components is reduced and 

consequently the adsorption rate and activity are decreased too. 

5.2. Quantity of catalyst 

5.2.1. Catalysts preparation 

The initial solution used for the employed catalyst consists of 66.7%wt. nickel nitrate 

hexahydrate [Ni(NO3)26H2O] as the oxidizer with 33.3%wt. glycine as the reducer for a total 

solid mass of 14g which gives 3g of Ni in the final catalyst. The solid mixture was then 

dissolved in 100ml of distilled water and the solution was pre-heated in a borosilicate glass 

beaker on a hot plate with mild magnetic stirring until the temperature reached 70oC and then 

placed in a pre-heated furnace at 500oC to enable SCS. Once SCS is completed, the beaker is 

removed from the furnace and allowed to cool at room temperature.  

5.2.2. Results and discussion 

0.5, 1, 1.5 and 2g of Ni-based catalyst [initial SCS mixture: 66.7% Ni(NO3)2, 33.3% glycine, 

100ml distilled water] were tested in liquid-phase hydrogenation of maleic acid (0.26g – 

calculated for 50ml of hydrogen) at 80oC. The quantity of catalyst plays a significant role in the 

of catalytic reaction rate as the quantity directly affects the available surface for the catalytic 

reaction to happen. The measured results are presented on Figure 5.2 that follows. 
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Figure 5.2. Correlation between the amount of catalyst and their activity in liquid-phase 

hydrogenation of maleic acid. 

At such low temperature (80C), it appears that for 0.5g of catalyst the provided surface area 

was very low for the adsorption of maleic acid and hydrogen. As a result, the reaction was 

limited by the adsorption stage. Activity reached its maximum at 1g of catalyst while, when the 

quantity of the employed catalyst exceeded the 1g (1.5 and 2g), the catalyst activity was not 

affected. That indicates that the catalyst activity is the controlling factor of the reaction rate 

and not its quantity. Further increase of the catalytic quantity above 1g did not affect the 

adsorption and the catalyst activity, because even at 1g, the reaction is only affected by the 

catalyst composition. 

5.3. Diluter nature 

5.3.1. Catalyst preparation 

The initial solution used for the employed catalyst consists of 66.7%wt. nickel nitrate 

hexahydrate [Ni(NO3)26H2O] as the oxidizer with 33.3%wt. glycine as the reducer for a total 

solid mass of 14g which gives 3g of Ni in the final catalyst. The solid mixture was then 

dissolved in 100ml of distilled water and the solution was pre-heated in a borosilicate glass 

beaker on a hot plate with mild magnetic stirring until the temperature reached 70oC and then 

placed in a pre-heated furnace at 500oC to enable SCS. Once SCS is completed, the beaker is 

removed from the furnace and allowed to cool at room temperature.  
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5.3.2. Results and discussion 

Water and isopropyl alcohol were tested as diluters for the maleic acid hydrogenation at 80C 

on Ni-based SCS-derived catalysts. By changing the diluter in the liquid-phase hydrogenation 

reaction, the solubility of the reactive substances alters as well as the adsorption of hydrogen 

and reactants on the catalytic surface.  

Water found to be a suitable diluent for the liquid-phase hydrogenation of maleic acid at 80C. 

In the case of the alcohol, the reaction didn’t take place, because of its higher volatility. That 

can be justified by the boiling point of isopropyl alcohol, which is 82.5C, and it was very close 

to our working temperature. Due to the evaporation of the diluent, adsorption became the 

limiting stage of the process and the catalyst was not active. 

5.4. Parameters selected for liquid-phase hydrogenation 

Thus, for all further tests involving the liquid-phase hydrogenation of maleic acid water was 

employed as diluent with 1g of catalyst at 80C, as those appeared to be the optimum 

conditions for the selected reaction. 
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6. Nickel nitrate – glycine system 

6.1. Influence of the nickel nitrate concentration 

6.1.1. Materials preperation 

The precursor SCS mixture consisted of mixtures of nickel nitrate hexahydrate [Ni(NO3)2·6H2O] 

as oxidizer and glycine  as reducer. Four compositions were studied with different quantities 

(3, 6, 9, 12g) of the oxidizer in the SCS solution and 50%wt (of the oxidizer’s quantity) glycine. 

The solid mixture was then dissolved in 75ml of distilled water and each solution was pre-

heated in a borosilicate glass beaker on a hot plate with mild magnetic stirring until the 

temperature reached 70oC. At that point the beaker was placed in a pre-heated furnace at 

500oC in air atmosphere for the SCS to take place. After the end of combustion the beaker was 

removed from the furnace and left to cool at room temperature. 

6.1.2. Results and discussion 

The development of the phases in the materials produced by SCS is shown in the XRD patterns 

shown in Figure 6.1 below. The unidentified peaks that appear on the patterns below the 20 

degrees are associated with the substrate employed for the XRD measurement, they were not 

taken into account during the analysis and they were not in conflict with any sample peaks.  
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Figure 6.1. Development of crystal structure of SCS catalysts on the basis of initial composition 

of Ni(NO3)2, 50% glycine and 75ml distilled H2O. 
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The two phases produced by SCS were metallic nickel and nickel oxide (NiO), as determined by 

XRD analysis. The relative phase concentration of Ni and NiO, determined by the comparative 

XRD analysis, as a function of nickel nitrate quantity in the precursor mixture are presented in 

Figure 6.2 where the variation between Ni/KCl and NiO/KCl are shown together for 

comparison. 

 

Figure 6.2. Semi-quantitative analysis of Ni and NiO phases in the resulting materials. 

Figure 6.2 shows that the concentration of metallic nickel in the resulting product increases 

when the quantity of nickel nitrate increases up to 9g in the initial mixture. Interestingly, with 

further increase of nickel nitrate to 12g the concentration of nickel is reduced in the final 

material. 

6.1.3. Conclusions 

The increase of the oxidizer quantity affects only the generated heat from the combustion, 

thus the cooling time is prolonged. On the other hand, there is a specific time for the 

formation of nickel as well as for its oxidation. Thus, the maximum in the concentration of 

nickel can be attributed to the initial increase of time for nickel formation, while after 

exceeding 9g, there is enough time for nickel oxidation as well. It is of high importance to have 

high nickel content in the final products, as they will be employed as catalysts toward liquid-

phase hydrogenation and nickel is the active phase for this catalytic reaction. 

6.2. The effect of the fuel quantity on the catalysts’ properties 

6.2.1. Catalysts preparation 

The initial aqueous solution contains nickel nitrate hexahydrate [Ni(NO3)2·6H2O] as the oxidizer 

with glycine [C2H5NO2] as the reducer. In the series of experiments carried out, four different 
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samples were synthesized. The quantity of nickel nitrate and distilled water were kept 

constant at 9.3g and 100ml respectively. In each of the four samples, a different amount of 

glycine was added (4.7, 7.0, 9.3, 11.6g, which is calculated as 50, 75, 100 and 125wt% of nickel 

nitrate) for the production of Ni and NiO. The beaker was then placed in a pre-heated furnace 

at 500oC after the end of combustion the beaker was removed from the furnace and left to 

cool at room temperature. 

6.2.2. Structural analysis 

The development of the various phases in the SCS-derived products is shown in the XRD 

patterns shown in Figure 6.3. The unidentified peaks that appear on the patterns below the 20 

degrees are associated with the substrate employed for the XRD measurement, they were not 

taken into account during the analysis and they were not in conflict with any sample peaks. 
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Figure 6.3. Development of the crystal structure of an SCS material on the basis of nickel 

nitrate hexahydrate with various glycine concentrations and 100ml water as diluent. 

As it is illustrated on Figure 6.3, cubic nickel and nickel oxide are the products of the SCS in 

various concentrations. The products were examined using TEM analysis and the results are 

shown on Figure 6.4 below. 
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                                         a                                                                    b 

Figure 6.4. TEM images of the sample prepared with 4.7g glycine in the initial solution [TEM 

analysis was performed by Dr. N. Boukos in “NCSR Demokritos”]. 

TEM bright field images of areas consist of 5-12nm crystallites (a) and of 15-50nm crystallites 

(b). They demonstrate that the as-synthesized crystallites and by extension, the SCS product is 

directly synthesized in nanoscale. The TEM images were taken from two different areas of the 

sample and are indicative of its crystallites size. 

The relative phase composition of Ni and NiO, as determined by the comparative XRD analysis, 

as a function of the added quantity of glycine are presented in Figure 6.5 where the variation 

between Ni/KCl and NiO/KCl are shown together for comparison. 

 

Figure 6.5. Semi-quantitative SCS final composition dependence from glycine concentration in 

SCS mixture [Ni(NO3)26H2O, glycine, 100ml H2O]. 
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According to Figure 6.5 above, the maximum nickel content in the SCS products occurs at the 

position of the minimum nickel oxide content when the amount of glycine employed in the 

initial solution is 4.7g. It appears that at this point, there is an optimum ratio between 

ammonia and nitric acid that react and produce hydrogen, creating a reduction atmosphere 

for the synthesis of nickel from nickel oxide. Conversely, as the glycine concentration increases 

up to 9.3g the nickel oxide content in the final product is maximized with a minimum of nickel. 

Initially, the increase of carbon concentration in the mixture leads to an increase of the 

reaction temperature, making the oxidation of the reduced nickel quicker. With further 

increase of glycine to 9.3g, the soot oxidation reaction is favoured on the expense of the nickel 

oxide reduction. Thus, the carbon originated from glycine is employed to the soot oxidation 

reaction yielding carbon monoxide and carbon dioxide. Additionally, the ammonia produced 

by glycine is in much excess for the reaction with nitric acid and as a result their non-

stoichiometric reaction produces a relatively small amount of hydrogen. The combination of 

the small amount of produced hydrogen and the consumption of carbon in the oxidation 

reaction resulted in reduction of nickel content in the SCS product. On the other hand, when 

the glycine quantity reaches 11.6g, the combustion temperature rises and the carbon 

concentration is so high that both the nickel oxidation and the reduction of nickel oxide take 

place, resulting in the enhancement of the nickel concentration in the final product. Notably, 

in this case, carbon is the major element that reduces nickel oxide for the production of nickel, 

and not hydrogen as it was in the case of 4.7g glycine. 

BET analysis was employed to perform measurements that provided information about the 

samples’ pore shape, pore volume and specific surface area. The results are presented in the 

figures that follow.  

6.2.3. Pore shape and surface area measurements 

Adsorption-desorption curves obtained by the BET method are shown in Figure 6.6 for all four 

synthesized materials. 
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Figure 6.6. Hysteresis curve of SCS materials with a) 4.7g, b) 7g, c) 9.3g, d) 11.6g glycine. 

The samples with 7g and 9.3g glycine that provided the (b) and (c) curves adsorbed the most 

nitrogen at the highest pressure, while the other two adsorbed the least nitrogen, indicating 

little microporosity. Moreover, all tested samples provided a hysteresis loop but the samples 

with 4.7g and 11.6g of glycine exhibited a distinct hysteresis loop, suggesting that the 

evaporation from the pores is a completely different process from the condensation in the 

pores, which indicates the occurrence of capillary condensation within mesopores.[18] 

Regarding the shape of the hysteresis loops, the adsorption/desorption isotherms of samples 

with 4.7g and 11.6g of glycine (a and d isotherms correspondingly) correspond to type B, 

suggesting the existence of large number of cylindrical and slit-shape pores with all open sides 

[302]. On the other hand, the type of loop in samples with 7g and 9.3g glycine (b and c isotherms 

accordingly) are type C indicating that the pores have a predominately wedge shape [302]. The 

pore shape affects the adsorption/desorption processes during catalysis influencing the 

catalysts’ activity. 

Specific surface area measurements as a function of the quantity of glycine in the initial 

solution of SCS are presented on Figure 6.7a. Specific surface area exhibits an increasing trend 
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and reaches a maximum for 9.3g of glycine in the mixture. Furthermore, Scherrer formula for 

XRD was used to estimate the crystallite size of Ni and NiO which are shown in Figure 7b 

against the final products’ specific surface area.  

 

(a) 

 

(b) 

Figure 6.7. a) Influence of glycine quantity in SCS batch [Ni(NO3)26H2O, glycine, 100ml water] 

on the specific surface area of the final products and b) dependence of Ni and NiO crystallites 

size on SSA. 

The crystallites size of both nickel and nickel oxide severely affects the materials’ specific 

surface area. Figure 6.7b demonstrates that as the crystallites of nickel and nickel oxide grow, 
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the nanomaterials’ surface area reduces accordingly. Thus, when 11.6g of glycine was added in 

the initial mixture, the crystallites of nickel and nickel oxide were the largest of the measured 

samples, and that led to the material’s smallest specific surface area. In addition it can be 

observed that by increasing the quantity of glycine the size of the crystallites is reduced. That 

can be justified by the increase of the generated gases (CO and CO2) as the quantity of carbon 

increases, leading to quicker cooling rates that result in smaller crystallites. Furthermore, 

increasing of the crystallite size as the reducer increases can be attributed to the increase of 

the combustion temperature due to excessive quantity of glycine at high concentrations. That 

resulted in soot generation and additional heat input due to the reaction of soot combustion. 

Conversely, when the glycine concentration is maximized (11.6g) the crystallites size of nickel 

and nickel oxide reach their maximum as well, due to the excess of carbon concentration that 

causes sintering effect to take place.  

Moreover, the average crystallite size for Ni was found to be approximately 45.5nm and 47 for 

NiO concerning the sample prepared with 4.7g glycine in the precursor solution. These 

calculations are in agreement with the crystallites detected by TEM analysis and were 

measured to be 5-15nm and 15-50nm in the two pictures presented on Figure 6.4.  

Figure 6.8 shows the cumulative pore volume as a function of the pore diameter for the four 

samples prepared with different amounts of glycine in the SCS initial mixture. 

 

Figure 6.8. Cumulative pore volume of SCS Ni catalyst with various glycine concentrations.  
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The pore distribution measurements shed more light on the materials microstructure. The 

material prepared with 4.7g of glycine appears to possess the minimum volume of nanopores, 

but smaller crystallites than the one with 11.6g and that justifies its slightly better SSA. As the 

glycine increased up to 9.3g, the materials’ total porosity as well as the volume of nanopores 

was increased and that resulted in their enhanced SSA, as the sample prepared with 9.3g 

glycine had the maximum SSA. On the other hand, the sample with 11.6g glycine had the 

lowest total porosity and large crystallites of nickel and nickel oxide, and these characteristics 

led to its lowest SSA. The nanomaterials with smaller crystallites (obtained with 7g and 9.3g 

glycine) have higher volume of nanopores as well as increased total porosity which leads to 

enhanced surface area. 

6.2.4. Conclusions 

It was determined, that if crystallites of nickel and nickel oxide grow, the nanomaterials’ 

surface area reduces accordingly. By increasing the percentage of glycine (from 4.7g to 9.3g) 

the size of the crystallites is reduced. That can be justified by the increase of the generated 

gases (CO and CO2) as the quantity of carbon increases, leading to quicker cooling rates that 

result in smaller crystallites. Furthermore, increasing the crystallite size as the reducer 

increases can be attributed to the increase of the combustion temperature due to excessive 

quantity of glycine at high concentrations which lead to sintering process. Nanomaterials with 

smaller crystallites (7g and 9.3g glycine) have higher volume of nanopores and higher porosity 

which lead to enhanced specific surface area. 

6.3. Influence of glycine concentration with slow heating mode 

6.3.1. Catalysts preparation 

The initial solution of the resulted materials contained nickel nitrate hexahydrate 

[Ni(NO3)2·6H2O] as the oxidizer with glycine as the reducer. In the experiments carried out, 

four types of samples were synthesized keeping the quantity of nickel nitrate constant at 9.34g 

in the initial mixture with 75ml distilled water, adding specific amounts of glycine (80, 60, 50 

and 40wt% of nickel nitrate) to achieve fuel to oxidizer molar ratio (φ) of 2.78, 2.08, 1.74 and 

1.4 for the production of Ni and NiO (φ=1.0 corresponds to stoichiometry for the general SCS 

reaction). After preparation, the precursor solutions were placed in the furnace at room 

temperature and they were slowly heated up to 500C with an average heating rate 3C/min. 
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After the end of combustion the beaker was removed from the furnace and left to cool at 

room temperature. 

6.3.2. Microstructural analysis 

The development of the various phases in the SCS-derived products is shown in the XRD 

patterns shown in Figure 6.9.  
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Figure 6.9. Development of crystal structure of an SCS catalyst on the basis of nickel nitrate 

hexahydrate with glycine in various ratios. 

 

As it is illustrated on Figure 6.9, nickel oxide and metallic nickel are the products of the SCS in 

various concentrations. This cascade of the yielded reactions during SCS is described from the 

following equations. 
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        (vi) [76] 

    

  
           (vii) [320] 

              (viii) 

          
 

 
    (ix) 

                                    (x) 

         (xi) 

              (xii) 

              (xiii) 

The relative phase composition of Ni and NiO, as determined by the comparative XRD analysis, 

as a function of φ ratio are presented in Figure 6.10 where the variation between Ni/KCl and 

NiO/KCl are shown together for comparison. 

 

 

Figure 6.10. Dependence of XRD peak ratio on nickel nitrate/glycine ratio in the initial SCS 

solution. 

Figure 6.10 illustrates that the variation of glycine content in the initial SCS mixture resulted in 

various concentrations of nickel and nickel oxide. According to the obtained data, the 

concentration of nickel is maximized when the concentration of the fuel is maximum as well 

(φ=2.78), while it is minimized at φ=2.08 ratio. The observed variation in the concentration of 

both nickel and nickel oxide is originated to the reactions’ stoichiometry as well as the soot 
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concentration in each case. The stoichiometry of reactions (vi & vii) influences the existence 

and the quantity of the hydrogen that it is employed for the nickel oxide reduction to produce 

nickel (reaction viii). Nevertheless, soot concentration, which increases by increasing the fuel 

content, plays a key role due to the fact that carbon is also used to reduce nickel for nickel 

production (reaction xii & xiii). 

The extent of defect structure is a very important parameter for catalysts, as the defects act as 

active centres and influences the hydrogen adsorption on the catalytic surface in the specific 

case of hydrogenation reactions. On Figure 6.11 below, the degrees of the nickel peak (2, 0, 0) 

shifting in the XRD pattern as a function to φ ratio is presented. 

 

Figure 6.11. The degrees of a Ni peak (2, 0, 0) shifting in the XRD spectrum as a function to φ 

ratio. 

According the data obtained by XRD measurements, the peak of nickel with (h,k,l)=(2,0,0) was 

shifted in all the examined samples to the right. The catalyst prepared with φ=1.74 ratio of 

nickel nitrate to glycine exhibited the highest shifting of the nickel peak, implying a high extent 

of defect structure in the crystal lattice. Generally, peak shifting is caused due to the stress, 

strain, dislocation and defects in the crystal induced by the synthesis parameters. In this case, 

there is no systematic shifting of all the peaks in the same way. It was also determined that the 

peak shifting is not due to the alignment of the instrument. 

Bragg’s and Scherrer’s formulas for XRD were used to determine the crystal lattice spacing and 

crystallite size of Ni and NiO which are shown in Figures 6.12 and 6.13 against the ratio 

between nickel nitrate and glycine (φ). 
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Figure 6.12. Influence of nickel nitrate/glycine ratio in initial solution on crystal lattice spacing 

of the products. 

It can be observed on Figure 6.12 that increasing the fuel (increasing of φ ratio) in the SCS 

initial solution leads in minor changes in Ni and NiO crystal lattice spacing which reflect the 

crystallite nucleation conditions that are present in each case. The minimum value of lattice 

spacing in the case of φ=1.74 for both Ni and NiO, is in accordance with the highest measured 

shifting of the XRD peaks, indicating a greater extent of the defect structure in the lattice. 

Furthermore, the observed minimum in the distance between the crystal planes may result in 

a more strained crystal that is a possible cause for the shifting of the Ni peak in Figure 6.11. 

 

Figure 6.13. Influence of φ ratio on crystallite size of the final product. 

 

Scherrer’s formula revealed the crystallite size in the four catalysts for nickel and nickel oxide. 

There are only minor changes in the calculated crystallite size, as it is shown in Figure 6.13, 

2.05

2.06

2.07

2.08

2.09

2.1

2.01

2.02

2.03

2.04

2.05

2.06

1 1.5 2 2.5 3

N
i c

ry
st

al
 la

tt
ic

e
 s

p
ac

in
g,

 Å
 

φ 

Ni

NiO

30

35

40

45

50

55

1 1.5 2 2.5 3

C
ry

st
al

lit
e

 s
iz

e
, n

m
 

φ 

Ni

NiO



89 
 

while the nickel crystallite size of the catalyst produced with φ=1.74 is minimum, suggesting a 

better dispersion of the metallic phase on the nickel oxide. 

Specific surface area measurements, determined by BET analysis, as a function of the φ ratio 

are presented on Figure 6.14 and the specific surface area shows an increasing trend, reaching 

its maximum when the fuel concentration is maximized. 

 

Figure 6.14. Influence of φ ratio on the final products specific surface area. 

Generally, when the concentration of the reducer increases the carbon content increases as 

well, leading to an increase of the cooling due to the enhanced soot oxidation that yields 

during synthesis (refer to reaction xi). As a result, there is more time available for the pores to 

be formed, thus the highest porosity is expected in the highest fuel concentration. This justifies 

the maximum of the specific surface area in the catalyst prepared with the highest fuel content 

in its initial solution. 

6.3.3. Catalytic studies 

The catalytic activity of the Ni-based SCS catalysts discussed above was examined in the liquid-

phase hydrogenation of maleic acid. The kinetic and conversion curves that were obtained 

during hydrogenation are demonstrated in Figures 6.15 and 6.16.  
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Figure 6.15: Dependence of observed maleic acid hydrogenation on the SCS Ni-based catalysts 

on the volume of absorbed hydrogen. 

Figure 6.15 establishes the measured set of kinetics curves of the SCS catalysts with different 

ratio of reactants in their precursor solution. The catalysts prepared with relatively low φ ratio 

appear to be most active, while the catalysts made with higher φ exhibited very low activity 

(φ=2.78) or were almost inactive (φ=2.08). Conversion curves of the catalysts are displayed on 

Figure 6.16. 

 

Figure 6.16: The dependence of maleic acid mass conversion on the SCS catalysts calculated 

from the quantity of absorbed hydrogen. 

The degree of conversion of maleic acid into succinic acid is very low (17.2%) for the catalysts 

with φ=2.08, whereas the other three catalysts exhibit better catalytic activity, with the 
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well with the catalysts’ kinetic curves (Fig.6.15). Notably, the catalyst prepared with φ=2.78 

exhibited higher percentage of conversion than those made with φ=1.4 and φ=1.74, even 

though the latter showed significantly higher velocity during hydrogenation. Catalysts with 

φ=1.40 and φ=1.74 exhibited high velocity towards the hydrogenation of maleic acid that can 

be attributed to the high concentration of Ni and in high defect concentration, accordingly. 

Furthermore, neither of the catalysts tested achieved 100% conversion, suggesting that the 

succinic acid produced was strongly adsorbed on the catalysts surface leaving no available 

space for new hydrogen molecule to adsorb and react with maleic acid. 

The percentage of hydrogen surface coating is a crucial parameter for catalytic activity, as all 

catalytic reactions take place on the catalyst’s surface. In the Figure 6.17 that is shown below, 

the percentage of hydrogen surface coating on catalysts in correlation with their activity in 

liquid-phase hydrogenation is illustrated as a function to the φ ratio. 

 

Figure 6.17. Extent of hydrogen surface coating and activity as a function of the reactants ratio 

(φ). 

There is a correlation between the percentage of the hydrogen surface coating and the 

catalysts measured activity toward the maleic acid hydrogenation. The catalysts prepared with 

a relatively low φ ratio exhibited the maximum velocity over the reaction, while the catalyst 

made of φ=2.08 shown the lowest velocity. The percentage of the hydrogen surface coating is 

affected by various parameters. Some of the most important ones are the concentration of 

nickel and the extent of the defect structure in the catalyst volume. Specifically, the catalyst 

with φ=1.4 ratio of reactants has the maximum percentage of hydrogen coating on its surface 

due to its high nickel content (Fig.6.10) and as a result was the most active. By increasing φ to 
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1.74 the percentage of hydrogen decreases, due to its lower nickel content. Noticeably, the 

catalyst activity is not severely influenced because of its highest extent of defect structure, as 

presented on Figure 6.11 and its highest dispersion of nickel on nickel oxide (suggested by 

Fig.6.13). Moreover, when the fuel content in the initial mixture maximizes (φ=2.78), the 

additional heating provided by the soot oxidation leads to enhancement of the sintering 

process resulting in the elimination of defects in the metal crystallites, which are responsible 

for the catalytic activity [321]. This conclusion is consistent with the measured shifting of the 

nickel peak in the XRD spectrum (Fig.6.11) and explains the minimum percentage of hydrogen 

coating on the catalyst surface, despite its maximum nickel concentration. Finally, the catalyst 

prepared with φ=2.08 was almost inactive due to its lowest nickel content (Fig.6.10) with small 

dispersion on the nickel oxide (Fig.6.13) and its relatively low percentage of hydrogen surface 

coating. 

 

Figure 6.18. Dependence of nickel concentration and conversion of SCS catalysts on the 

reactants ratio (φ). 

Nevertheless, there is a sufficing correlation between the catalytic’ conversion of maleic acid 

to succinic acid during hydrogenation and the calculated nickel content in their mass (Fig.6.18). 

The decrease of nickel content from φ=1.4 to φ=1.74 is not accompanied with a decrease in 

the catalysts conversion as it has the highest dispersion of the metallic phase on nickel oxide 

and the highest shifting of nickel XRD peak that suggest highest extent of defect structure 

(Fig.6.11). Interestingly, in case of φ=2.78, the as-synthesized catalyst exhibited highest 

conversion, despite its low velocity during hydrogenation, originating to its maximum nickel 

content and specific surface area (Fig.6.14). 
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6.3.4. Conclusions 

The same series of experiments only with different heating mode were performed and 

published by Xanthopoulou et al.[322] In comparison with those experiments, it appears that 

when the slow heating mode is applied, the nickel content in the final catalytic nanomaterials 

is reduced. Moreover, the nickel crystallites is also reduced and ranges between 35-40nm, 

while in the other mode is ranges between 40-49nm. That can be explained as in the case of 

slow heating, a big part of the nickel nitrate is already decomposed in nickel oxide, before the 

time the mixture reaches its ignition point. As a result, there is less quantity of nitrate available 

to react and participate in the SCS, leading to lees nickel concentration in the final products. 

Moreover, the lessened quantity of nitrate that participates in the SCS reduces the heat that is 

emitted from the exothermic reaction. Consequently, there is less sintering process taking 

place that justifies the reduction in the size of nickel crystallites. 

6.4. The impact of time in furnace after the completion of SCS  

6.4.1. Materials preparation 

The precursor SCS mixture consisted of 66.7% nickel nitrate hexahydrate [Ni(NO3)2·6H2O] as 

oxidizer and 33.3% glycine as reducer. The total solid mass of the initial mixture was 14g. The 

solid mixture was then dissolved in 75ml of distilled water and each solution was pre-heated in 

a borosilicate glass beaker on a hot plate with mild magnetic stirring until the temperature 

reached 70oC. At that point the beaker was placed in a pre-heated furnace at 500oC in air 

atmosphere for the SCS to take place. After the completion of the SCS cascade of reactions the 

beaker was left in the furnace for various time periods (0, 2, 7, 10 min) and four materials were 

derived. 

6.4.2. X-Ray and time resolved X-Ray diffraction analysis 

The as-produced materials were characterized by XRD analysis and the resulting patterns are 

exhibited on Figure 6.19. The unidentified peak that appeared on the patterns below the 20 

degrees is associated with the substrate employed for the XRD measurement, it was not taken 

into account during the analysis and it was not in conflict with any sample peaks. 
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Figure 6.19. XRD patterns from the SCS-derived materials on the basis of initial mixture 66.7% 

Ni(NO3)2·6H2O and 33.3% glycine with various periods of time remaining in the furnace after 

SCS was completed. 

The XRD patterns show the structure of nickel and nickel oxide phases in the final materials. 

Their different concentrations in the as-burnt products are demonstrated on the semi-

quantitative analysis, using KCl as an internal standard (Fig.6.20). 

 

Figure 6.20. Semi-quantitative analysis of Ni and NiO phases in the resulting materials. 

Figure 6.20 shows the concentration of nickel and nickel oxide in each sample that remained in 

the furnace after the SCS ended. Increasing the time that the sample remained in the furnace 
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the samples remain in such a high temperature after the completion of SCS, provides more 

time for the oxidation of nickel to take place due to the oxidative atmosphere in the furnace. 

In conclusion, immediate cooling is suggested in order to achieve maximum nickel 

concentration in the final product. This can also be confirmed by the obtained time resolving 

XRD analysis pattern, which is presented on Figure 6.21.  

 

 

Figure 6.21. Results of time-resolved X-ray diffraction analysis in a SCS gel [Dr. D. Kovalev from 

the Institute of Structural Macrokinetics and Materials Science in Russia performed the TRXRD 

analysis]. 

In Figure 6.21 a sequence of 50 XRD traces obtained by time-resolved X-ray diffraction (TRXRD) 

studies (measured each second) depicts the process of phase formation during SCS. The 

spectra are presented in both 2D of 2θ versus time as well as in 3D of 2θ versus intensity 

versus time. The precursor nitrate-glycine mixture provides a diffraction spectrum with wide 
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amorphous halo suggesting that the phases are not crystallized. During the ignition of 

combustion, nickel lines (111) and (200) appear first and within a few seconds their intensity 

increases. Thereafter, a reduction of their amplitude with simultaneous appearance of NiO 

lines (101) and (012) is exhibited. This indicates that after the formation of nickel, its 

concentration starts to decrease with time, while the concentration of NiO increases. 

The influence of the time period that the samples remained in the furnace after SCS 

completion on the crystallites size of nickel and nickel oxide is presented on Figure 6.22. 

 

Figure 6.22. Influence of the timed remained in the furnace after the SCS completion on 

crystallites size of Ni and NiO. 

According to the calculated results from Scherrer formula, by increasing the time in the 

furnace, the crystallites of both nickel and nickel oxide are increasing as well. The sintering 

process that takes place when the samples are not immediately removed from the furnace 

results in the observed growth of the crystallites for both phases. As a conclusion, smaller 

crystallites are obtained when the beaker is removed from the furnace by the time the SCS 

reactions are finished. 

6.4.3. Conclusions 

As a conclusion, TRXRD measurements indicate that after the formation of nickel, its 

concentration starts to decrease with time, while the concentration of NiO increases. That 

explains the reason that the time in the furnace after SCS finalized leads to increasing of 

NiO/Ni phase ratio. By increasing the time in the furnace, the crystallites of both nickel and 

nickel oxide are increasing as well due to the sintering process that takes place. 

40

42

44

46

48

50

52

54

56

0 2 4 6 8 10 12

C
ry

st
al

lit
e

s 
si

ze
, n

m
 

Time in the furnace after SCS, min 

Ni (1, 1, 1)

NiO (1, 0, 1)



97 
 

6.5. Studies on the influence of preheating temperature on the nanopowders’ 

properties 

The results presented here have been published as: O. Thoda, G. Xanthopoulou, V. 

Prokof’ev, S. Roslyakov, G. Vekinis, A. Chroneos, 2018, 27, 207-215. 

6.5.1. Materials preparation 

The initial solution used for SCS of our materials consists of 66.7% nickel nitrate hexahydrate 

as the oxidizer with 33.3% as the reducer for a total solid mass of 14g. The gel mixture was 

placed in a borosilicate glass beaker in a preheated furnace at 500, 600, 650 and 700oC to 

enable SCS yielding four different nano-structured foam-like materials. Neither additional 

water nor pretreatment was employed for the materials manufacturing. Once SCS is 

completed, the beaker is removed from the furnace and allowed to cool at room temperature.  

6.5.2. Results and discussion 

The combustion temperature of solution combustion reaction plays a significant role in phase 

formation and physical characteristics of the products and depends on various process 

parameters.  

   

                     a                                      b                                            c                                        d 

Figure 6.23. Influence of preheating temperature on the structure of SCS catalyst: a) 500oC b) 

600oC c) 650oC d) 700oC. The photos were taken by camera. 

The foam-like structure of products is illustrated on Figure 6.23 which shows how materials 

appear after gel-SCS (G-SCS). The different colours that appear indicate variations in crystal 

orientation. In case of SCS, the addition of water in the initial mixture provides enough volume 

and time for the hydrates to form. However, the lack of water in the precursor mixture of G-

SCS inhibited the formation of hydrates during water vaporization and, as a result dendritic 

structure did not appear in this case.  
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6.5.3. X-Ray diffraction analysis 

XRD spectra of the resulting Ni/NiO nanocomposites are presented in Figure 6.24 synthesised 

at various preheating temperatures.  
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Figure 6.24. XRD diffraction patterns of Ni-NiO SCS catalysts produced at different preheating 

temperatures (Tfur). 

All the manufactured materials have two products: metal Ni and NiO. A. Kumar et al. [65] found 

in their studies that an intermediate zone exists, where both Ni and NiO are equilibrium 

products, for fuel to oxidizer ratio varying between 1.5 and 2.5. In our case the fuel to oxidizer 

ratio is calculated to be 1.74 according to general equation (*) and two different products 

were detected. By changing the preheating temperatures the XRD analysis revealed that Ni 

and NiO are in different ratio in each case. Formation of Ni and NiO during G-SCS can be 

explained by a multi-branch reaction cascade: 
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6.5.4. Thermogravimetric analysis 

Thermogravimetric analysis was employed to carry out the temperature-reactions 

investigation. As an example test, a precursor solution of 66.7% nickel nitrate and 33.3% 

glycine was heated up to 500oC and the TG/DTA curves as a function of heating temperature 

are presented on Figure 6.25. 
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Figure 6.25. TGA-DTA analysis of sample with initial composition 66.7% Ni(NO3)2 and 33.3% 

glycine at 500oC. Arrows point the positions of decomposition of nitrates (1), combustion of 

glycine (2), maximum heat release (3) and an endothermic process (4) [Dr. A. Steinman 

conducted the TGA measurement in National University of Science and Technology “MISIS”]. 

Thermogravimetric analysis (TGA), presented in Figure 6.25, reveals the temperature regions in 

which the various SCS reactions and phenomena take place. At position 1 the mass loss is 

initiated with the loss of lattice water from nitrates. After the loss of all lattice water and 

completion of nitrates decomposition (reactions ii, iii & iv), point 2 signifies the initiation of the 

combustion of glycine (reactions viii & vix), which is the most exothermic process of the 

system. This exothermic reaction provides the system with extra energy for the reactions 

cascade of Solution Combustion Synthesis to take place. Between points 2 and 3 the oxidation 

of glycine is accompanied to multiple ongoing reactions that are initiated from the energy 

generated from the oxidation of glycine. Point 3 indicates the maximum heat release from the 

system while, after that point, the DTA curve increases implying the beginning of an 

endothermic process – possibly the reduction of nickel oxide for nickel production (reaction 

xi). After the completion of the endothermic process at point 4, the ongoing glycine reactions 

(reactions viii, ix) as well as the carbon oxidation reaction (reaction x) release heat to the 

system after SCS is over and that result in delay of the cooling process of the sample. 
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6.5.5. Comparison of theoretical and experimental results 

[The theoretical modelling presented in this chapter was developed by Dr. V. Prokof’ev, in 

Tomsk State University, Russia. It is published in: O. Thoda, G. Xanthopoulou, V. Prokof’ev, S. 

Roslyakov, G. Vekinis, A. Chroneos, Influence of Preheating Temperature on Solution 

Combustion Synthesis of Ni–NiO Nanocomposites: Mathematical Model and Experiment, 

International Journal of Self-Propagating High-Temperature Synthesis, 2018, 27, 207-215.] 

Production of nano-sized materials by SCS method with ordered structure and properties is an 

extremely difficult problem. At the same time rapidly occurring physico-chemical processes 

such as evaporation, conductive, and radiative heat transfer, convective flow, reacting in the 

liquid and gas phases with the formation of condensed products of reactions and deposition of 

reaction products on the walls of the reaction vessel, does not allow the complete 

mathematical modeling of SCS. It is possible that these factors led to the lack of mathematical 

models of SCS works cited. Proposed in the present work a mathematical model SCS based on 

non-stationary theory of thermal explosion of N.N. Semenov [325]. 

Following these observations, an attempt has been made to analytically model (using the 

Semenov method)[325] and evaluate the influence of preheating temperature on the flame 

temperature as well as on the physico-chemical characteristics of the products. During 

modelling the following assumptions are made: 

1. The SCS mixture (nickel nitrate + glycine) is homogeneous and its temperature depends only 

on time, which corresponds to zero-dimensional formulation of the problem.  

2. Any relative movements of the different phases are neglected. 

3. The formation and release of gaseous products are solely determined by the change in mass 

of the solution. 

The simplest model to describe this behaviour is that developed by Semenov. In accordance 

with accepted assumptions, the model includes: 

Equation of heat balance 

0( ) ( ) ( ) ( )(1 ) exp( / )       eff fur

dT
c T m S T T Qm k E RT

dt
;   (1) 

Effective heat capacity function 
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0( ) ( )   eff vap vapc T c Q T T ,       (2) 

where the ceff formulation allows the heat consumed to be utilised by the phase transition as 

described for melting in [326]. 

Equation for evolution of condensed mass 

0 0( )sm m m m   ;         (3) 

Chemical kinetics equation 

0(1 ) exp( / )

  

d
k E RT

dt
          (4) 

with the initial conditions: T(0)=T0, η(0)=0, m(0)=m0     (5) 

where: δ(T) is the Dirac delta function, K-1; Qvap is the latent heat of phase transition, kJkg-1; Tvap 

is the temperature of phase transition, K; c0 is condensed-phase heat capacity without phase 

transition, kJkg-1K-1; η is the depth of conversion; S is the area of the bottom of the container, 

m2; α is the heat transfer coefficient, Wm-2K-1; Tfur is the furnace pre-heating temperature, K; Q 

is the heat of reaction, kJkg-1; E is the activation energy, kJmol-1; R is the universal gas constant, 

Jmol-1K-1; k0 is the pre-exponential factor, s-1; m0 is the initial mass of the mixture, kg and ms is 

the mass of the solid products (Ni & NiO), kg. 

The formulated equations (1) - (5) can only be solved numerically. By numerical optimisation 

the parameters were found to be: c0=2.64; Qvap=2260; Tvap=430; S=0.006; α=200; Tfur=773÷973; 

Q=1050; E=150; k0=1011; m0=0.014; ms=0.0032. The calculated results according to the system 

of equations (1) - (5) are presented in Figure 6.26a. 

The numerical modelling showed that the system’s combustion temperature is only slightly 

influenced by the tempereaure of the furnace. On the contrary, in the classical version of SHS 

the combustion temperature depends strongly upon the initial pre-heating temperature. 

Based on the demonstrated theoretical (a) and experimental results (b) on Figure 6.26, it is 

concluded that the preheating temperature does not have influence on the temperature of 

combustion. 
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a  

[Dr. V. Prokof’ev performed the mathematical modelling of the influence of preheating 

temperature on the combustion temperature in Tomsk State University, Russia] 

 

b 

Figure 6.26. Influence of preheating temperature on the temperature during SCS with (a) 

theoretical and (b) experimental data. 

A characteristic feature of the change in temperature with time is the isothermal region 

corresponding to the phase transition temperature (Tvap). The short duration of this region is a 

potential barrier for the main synthesis reaction. The temperature of the furnace (Tfur) 

determines the heating rate of the mixture and, due to the nonlinear behaviour of the system, 

the time for complete conversion to η=1 sharply decreases with increasing furnace 

temperature, as shown on Figure 6.26a in comparison with experimental results (Fig.6.26b). 
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This means that the combustion temperature of the system depends little on Tfur, in contrast 

to the classical version of SHS where the combustion temperature depends on the initial 

temperature. 

At the same time, it was observed that preheating temperature (Tfur) influences the time of 

ignition. Hence, the ignition points of the theoretical model in comparison with the 

experimental data obtained by SCS are demonstrated on Figure 6.27. 

 

Figure 6.27. Influence of preheating temperature on the combustion ignition point. 

As shown on Figure 6.27 above, the theoretical and experimental data are in adequate 

agreement. As expected, the time of ignition is reduced by the increase of preheating 

temperature. All reactions take place in the mixture start at a certain temperature, but when 

the preheating temperature increases the mixture reaches the ignition temperature on the 

surface of the gel more rapidly, thus the combustion ignition time decreases. The decrease of 

ignition point signifies that the precursor mixture remains for a shorter period of time in the 

gel phase before the initiation of SCS. This fact combined to the greater heat input, due to the 

increase of Tfur, leads to more violent reactions with increased velocity of the generated gases. 

As a result the localized cooling rates, where the reaction takes place at the moment, are 

quicker and there is less time available for nickel oxidation to synthesize nickel oxide. Hence, it 

is expected that maximum nickel content will appear in cases of higher preheating 

temperatures. 
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6.5.6. Microstructural analysis 

Despite the fact that the preheating temperature did not significantly influenced the 

combustion temperature, the final SCS products appear to comprise various compositions and 

the ratio between the two final products (Ni and NiO) also changed. Furthermore, the 

properties of the final SCS nanopowders such as crystal lattice parameters, specific surface 

area and porosity were severely affected. The influence of the furnace’s preheating 

temperature on the catalysts’ composition is shown in Figure 6.28, which indicates that 

increasing the preheating temperature results in increased nickel concentration in the final G-

SCS product, taking standard error into account. 

 

Figure 6.28. Influence of preheating temperature on the composition of G-SCS catalysts. 

The calculated ratios of nickel and nickel oxide content in the final SCS product confirm the 

assumption made based on Figure 6.27. As appears on Figure 6.28, at 650 and 700oC there is 

maximum nickel content compared to samples prepared at 500 and 600oC, where there is low 

concentration of nickel and maximum concentration of nickel oxide. According to R. N. Ripan 

and I. Chetyanou [327], the reduction of nickel oxide to nickel formation starts at 350-400oC with 

a slow rate but they observed that the reduction acquires high rate between 600 and 700oC. In 

our studies, in the cases of 650 and 700oC, the precursor mixture remains longer at that 

optimum temperature region and reduction atmosphere permitting the nickel oxide reduction 

(mainly the reaction between NiO  and C or CO) to take place in a high velocity for a longer 

period of time. Thus, the increase of nickel content in the final SCS product at these 

temperatures is possibly connected to the increased nickel oxide reduction. 

0

1

2

3

4

5

6

7

8

400 450 500 550 600 650 700 750

R
at

io
 o

f 
X

R
D

 p
at

te
rn

 p
e

ak
s 

Preheating temperature, oC 

NiO/KCl

Ni/KCl



106 
 

 

Figure 6.29. Ni & NiO crystal lattice spacing as a function to furnace’s preheating temperature. 

In general, higher furnace temperatures correspond to faster heating rates, which result in a 

more rapid volatilization of the precursor mixture. A faster heating rate may cause residual 

water to remain in the precursor mixture at the time of ignition. This water may cause a 

decrease in the adiabatic flame temperature, thus hindering the formation of completely 

organised structures [328]. This could justify the decrease of nickel and nickel oxide’s crystal 

lattice spacing between 500 and 650oC, as demonstrated on Figure 6.29. However, as the 

temperature increases beyond 700oC, the atoms in the structure acquire enough energy to 

allow them to reach more energetically stable positions, to be better-organised and that is 

expressed as an increase of crystal lattice spacing of both nickel and nickel oxide. 
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(b) 

Figure 6.30. Influence of preheating temperature on Ni & NiO crystallites size in the final 

products and the correlation between crystallites particle size and cooling time after 

combustion. 

The average crystallite size of the SCS derived nanopowder determined by Debye–Scherrer 

formula is found to be in the range of 31.9-39.5nm for Ni and 33.3-38.5 for NiO, as shown on 

Figure 6.30. As shown on Figure 6.26, as the preheating temperature increases, the samples 

are in a high temperature range for a longer period of time, the cooling time increases and 

consequently there is more time available for sintering process and the growth of crystallites. 

Larger crystallites have less surface energy and as a result they tend to agglomerate less. The 

extent of agglomeration of the crystallites is a significant parameter as it influences the 

materials’ specific surface area, as it is presented on Figure 6.31. 

6.5.7. Pore analysis and surface area measurements 

 

Figure 6.31. Influence of preheating temperature on final SCS products’ specific surface area. 
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As it is demonstrated in Figure 6.31, the specific surface area of the SCS derived nanomaterials 

ranges from 1.3 to 3.1m2/g. Furthermore, according to the obtained data of crystallites size 

(Fig.6.30), when the crystallites size increases (from 600 to 650oC), the total surface energy of 

the particles is reduced and thus, they tend to agglomerate less. That results in increase of the 

SSA (in the same temperature range) and possibly, the volume of nanopores that were formed 

in the final SCS products. 

 

Figure 6.32. Hysteresis curve of a SCS Ni-NiO final product. 

Adsorption-desorption curves obtained by the BET method are shown in Figure 6.32, where a 

representative example of the hysteresis curve of a SCS-derived nanomaterial can be seen. It 

appears to be a type V isotherm with type H3 hysteresis loop according to IUPAC classification 

[302]. Typically, type V isotherms are characterized by the uncontrolled formation of the 

multilayer. It appears that the final nano-structrured product consists of aggregates of plate-

like particles forming slit-like pores. The form of the pores affects heat release during SCS as 

well as the cooling rate after the completion of combustion reactions. Figure 6.33 shows the 

BJH adsorption pore volume for the four samples prepared from the same precursor solution, 

but different preheating temperature. 
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Figure 6.33. BJH adsorption pore volume on the basis of initial mixture 66.7% Ni(NO3)2 and 

33.3% glycine. 

As it is indicated from Figure 6.33, by increasing the preheating temperature the measured 

volume of nanopores increases as well. Thus, there is maximum nanopore volume for 650 and 

700oC preheating temperature due to the less agglomeration and the intensive gas formation, 

which led to increased pore volume, higher specific surface area and the maximum Ni and NiO 

crystallites size at this temperature range. These outcomes support the results obtained from 

Figures 6.30 and 6.31, concerning the increased volume of nanopores at higher temperatures 

(650 and 700oC). However, at lower temperatures (500, 600oC) the mixture reacts slower than 

in higher temperatures, resulting in higher total porosity, as there was more time available for 

the pores to form. [317]  

SEM images of the microstructure of the SCS derived nanomaterials with the corresponding 

EDX (energy dispersive X-ray spectroscopy) spectra are presented in Figure 6.34. The existence 

of all phases detected in XRD patterns was confirmed. The Au element that is shown in the 

EDX analyses came from the gold-spatter deposition. 
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6.5.8. SEM/EDX analysis 

 

(a) 

 

(b) 

Figure 6.34. SEM/EDX results of SCS final products for preheating temperature (Tfur): a) 500oC 

and b) 700oC. 

Figure 6.34 depicts the SEM images and the EDX spectra of the produced Ni-NiO nanoparticles 

at two different preheating temperatures: 500 and 700oC. Comparing Figures 6.34 a & b, the 

nanomaterial with 500oC as preheating temperature is depicted to have higher porosity 

confirming the BET analysis findings (Fig.6.33). Moreover, an important factor that influences 

the nanomaterials porosity is the gas generation during combustion. The more violent 
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reactions that take place in higher preheating temperatures (700oC) generate gases with high 

velocity. In addition, the EDX spectrum, which demonstrates that oxygen and by extension the 

nickel oxide content is much lower in the 700oC case, confirmed that the concentration of 

nickel is enhanced, compared to 500oC, as it was established on Figure 6.28. Last but not least, 

the soot concentration appears to be significantly higher for the nanomaterial prepared at 

500oC and that can be justified as at higher temperatures the possibility of soot oxidation is 

enhanced. 

In SEM analysis, the largest detected pores were approximately 10μm, while the largest 

measured pores by BJH is 0.4 μm. The porosimetry analyzer is only able to measure up to 0.4 

μm pores, which in any case are known to provide more than 99% of the total specific surface 

area. 

6.5.9. Temperature profiles and IR-camera photos of nanomaterials 

Figures 6.35a-d show the temperature profiles of nanomaterials during synthesis. There were 

three different thermocouples placed in various heights registering the temperature changes 

during SCS. 

 

(a) 

Figure 6.35. Measured temperature during combustion at 3 different heights of the beaker for 

a) 500oC preheating temperature. 
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(b) 

 

(c) 

 

(d) 

Figure 6.35. Measured temperature during combustion at 3 different heights of the beaker for 

b) 600 c) 650 and d) 700oC preheating temperature. 
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Figures 6.35 a-d demonstrate the measured temperature during synthesis at three different 

points of the mixture (0.5cm, 1.5cm and 2.5cm from the bottom of the beaker). The multiple 

peaks on these figures signify that there are many consequent reactions taking place during 

SCS. It appears that the number of these peaks increases by the increase of the preheating 

temperature. 

In all studied preheating temperatures, the first peak (point 1) represents the reaction 

between glycine and nickel nitrate (reaction i) which is an exothermic reaction that mainly 

provides the energy to the system. The first peak includes many peaks corresponding to 

various parallel reactions (iii, v, vi, vii, ix) that take place simultaneously. On Figure 6.35a, 

where the sample is preheated at 500oC, point 2 signalizes the oxidation of nickel to yield 

nickel oxide, which is also an exothermic reaction (∆H=-1324.6 kJ/mol). In the 600oC case, 

there are three distinct peaks registered from the thermocouples. The second peak (point 2) 

represents the exothermic oxidation of nickel for nickel oxide production, while the third peak 

(point 3) is the endothermic process reaction (∆H=68.2 kJ/mol) of nickel oxide reduction by 

residual soot (xii). The presence of this reaction’s product, which is carbon monoxide (CO) was 

detected by gas analyzer. At higher temperatures it is more possible for the carbon oxidation, 

thus there is no soot in the products at high temperatures. 

The samples prepared at 650 and 700oC appeared to possess four distinct points during 

combustion. The forth peak could be connected with the exothermic reaction of nickel oxide 

reduction from carbon monoxide (reaction xiii, ∆H=-379.5 kJ/mol) as consequent reaction of 

the previous one (xii), where CO is a product. At this point, there is also another exothermic 

peak due to the soot oxidation (reaction x). According to Figure 6.35, the temperature studies 

by the three thermocouples clarified that the reactions during SCS take place mainly in gel 

(bottom), but also in gas-gel interface (middle and top thermocouple measurements). 

Comparing the Figure 6.35a-d with Figure 6.26, it is evident that in case of high temperatures 

(650 and 700oC), more peaks are apparent, some of which represent exothermic processes. 

The heat produced by them keeps the system’s temperature high for a longer period of time 

than in case of lower preheating temperatures. This could be related to the change of 

reactions’ mechanism, when the preheating temperature varies, as different reactions take 

place or are favored and the cooling time is influenced accordingly. The nanomaterials 

prepared at higher preheating temperature appear to have more consistent crystal lattice 

structural formation, as they remain in higher temperature for a longer period of time. 
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The evolution of combustion temperature with time for two different preheating 

temperatures (500 and 700oC) is demonstrated on Figure 6.36. Despite the fact that the 

combustion temperature is only slightly influenced, the combustion regime is doubtlessly 

affected. 

 

(a) 

 

(b) 

Figure 6.36. Temperature profile for SCS in the Ni(NO3)2-glycine system at: a)500oC and b) 

700oC [The IR-camera measurements were performed by S. Roslyakov in National University of 

Science and Technology “MISIS”]. 
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Figure 6.36 demonstrates the appeared differences in the temperature profile for preheating 

temperatures of 500oC and 700oC, studied with infra-red camera. When the preheating 

temperature is higher (700oC) the time period of reaction initiation is shorter, there are more 

exothermic-endothermic peaks appeared (showing that the mechanism of reactions is more 

complicated than at lower temperature) and the reaction is more violent, as the velocity of 

combustion increases. These results support the data that were obtained by the 

thermocouples measurements and the numerical modelling of flame temperature during G-

SCS. It has been concluded that the reactions yield during SCS in the gel phase have a 

profoundly complicated mechanism. The reactions are initiated at the liquid - gas interface and 

the immediately originated solid product becomes the third phase. The heat provided by the 

solid phase is propagated to the adjacent not-yet-reacted gel, where SCS starts. During the 

cooling period, the phase and structure formation is continued in solid product. As a result of 

the increased cooling period at higher temperatures (700oC), more reactions take place and 

the derived product has different composition, in comparison with its analogous at lower 

temperatures (500oC). Furthermore, the ongoing structure formation during cooling period 

resulted in various crystal lattice parameters and crystallite size, while cooling period alters. 

The reason of the observed changes in cooling period is that, at higher temperatures, the 

additional exothermic reactions (mainly the soot oxidation) that take place elongate this 

period of time.  

6.5.10. Conclusions 

 The results demonstrated that the preheating temperature only slightly influences the 

combustion temperature during SCS. 

 The SCS preheating temperature influences the structural formation and the final 

composition of the nanocomposite metal-oxide product. 

 Increasing the SCS preheating temperature leads to a decrease of combustion 

initiation period due to the enhanced heating velocity and an increase of cooling time 

as a result of the additional exothermic reactions taking place at higher temperatures. 

 The variations in cooling period provoked changes in the final product composition 

and microstructure, because of the ongoing phase and structural formation during 

cooling period. 
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6.6. Influence of the reactants concentration in the precursor solution on catalysts’ 

characteristics 

The results presented here have been published as: G.Xanthopoulou, O.Thoda, 

E.D.Metaxa, G.Vekinis, A.Chroneos, Journal of Catalysis, 2017, 348, 9-21. 

6.6.1. Catalysts preparation 

The initial solution used for SCS of our materials consists of 66.7% nickel nitrate hexahydrate 

[Ni(NO3)26H2O] as the oxidizer with 33.3% glycine as the reducer for a total solid mass of 14g 

which gives 3g of Ni in the final catalyst. The solid mixture was then dissolved in 25, 50, 75 or 

100ml of distilled water and each solution was pre-heated in a borosilicate glass beaker on a 

hot plate with mild magnetic stirring until the temperature reached 70oC and then placed in a 

pre-heated furnace at 500oC to enable SCS, thereby yielding four different nano-structured 

powdered catalysts differing only in the amount of water used in the solution. Once SCS is 

completed, the beaker is removed from the furnace and allowed to cool at room temperature.  

6.6.2. Structural analysis 

SCS products have a pronounced 3-dimensional dendritic structure as shown in the photo in 

Figure 6.37a, which shows the material as it emerges from the beaker during SCS, and in Figure 

6.37b, at higher magnification. This structure is probably due to hydrates formation on the 

stage of nitrates heating in water and extensive gas generation during SCS. Different colours 

are indicative of the different orientation of the crystals that resulted in various diffraction 

angles.  

   

Figure 6.37: Structure of the catalyst as it emerges during SCS: near actual size (left) and x30 

(right). 
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The development of the various phases in one of the SCS materials produced is shown in the 

series of XRD patterns in Figure 6.38 of a catalyst made with a solution of nickel nitrate and 

glycine at a ratio of 2:1 in various dilutions in water. The unidentified peak that appeared on 

the patterns below the 20 degrees is due to the substrate employed for the XRD 

measurement, it was not taken into account during the analysis and it was not in conflict with 

any sample peaks. 
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Figure 6.38: Development of crystal structure of an SCS catalyst on the basis of nickel nitrate 

hexahydrate with glycine (ration 2:1) with various amounts of water as diluent. 

All catalysts tested (Fig.6.38) had two main products: metal Ni and NiO. These products are the 

result of the following multi-branch reaction cascade: 

             
   
→               

     
→                    (i) 

                                              
  

 
    

 

 
   (ii) 

2                                    
 

 
     (iii) 

                                          (iv) [76] 

                          (v) [76] 
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        (vi)[76] 

    

  
           (vii)[323] 

              (viii) 

          
 

 
    (ix) 

                                    (x) 

The phase composition of the products, as determined by the comparative XRD analysis, as a 

function of water content in the SCS solution are presented in Figure 6.39 where the variation 

between Ni/KCl and NiO/KCl are shown together for comparison.  

 

Figure 6.39: Dependence of XRD peak ratio on water solvent quantity in initial SCS solution. 
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and different composition as they are subjected to different cooling conditions. As the pore 

size decreases, the temperature inside the pores decreases at a slower rate and there is more 

time for oxidation to occur and the microstructure is also different.  

Bragg’s and Scherrer’s formulas for XRD were used to determine the crystal lattice spacing and 

crystallite size of Ni and NiO which are shown in Figures 6.40 and 6.41 against amount of water 

in initial SCS solution.  

 

Figure 6.40: Influence of water content in initial solution on crystal lattice spacing. 

As can be observed in Figure 6.40, increasing the water in the SCS initial solution results in 

small changes in Ni and NiO crystal lattice spacing which reflect the crystallite nucleation 

conditions that are present in each case. In Figure 6.40 there is a minimum of lattice spacing 

for 50 ml of water in the initial solution for both Ni and NiO. As water content increases, the 

nitrate and glycine transient structures that are created in the liquid phase before SCS initiates 

change, which results in different structures of Ni and NiO in the final product. When SCS 

initiates, the combustion mechanisms change as well. From 25 to 50 ml of water the 

combustion mechanism changes from combustion in emulsion to combustion in solution. This 

leads to less organised structures as indicated in Figure 6.40 by the measured reduction in 

crystal lattice spacing. 
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Figure 6.41: Influence of water quantity in initial SCS solution on crystallite size (as determined 

by XRD) in the final product  

The influence of the water content on the crystallite size of Ni and NiO is shown in Figure 6.41. 

In general, the smaller the nickel crystallites form during combustion, the better the dispersion 

of the metallic phase on the NiO. Conversely, larger crystallites have less surface energy and as 

a result they tend to agglomerate less. The extent of agglomeration of the crystallites is very 

important as it influences the catalysts’ specific surface area which is critical for catalytic 

activity.  

6.6.3. Pore analysis and surface area measurements 

Specific surface area measurements (determined by BET analysis) as a function of the quantity 

of water in the initial solution of SCS are presented on Figure 6.42. Specific surface area shows 

an increasing trend and reaches a maximum for 75 ml of water in the solution. 

 

Figure 6.42: Influence of water quantity in SCS solution on specific surface area (BET). 

Total porosity of the material affects specific surface area. Further BET measurements indicate 

strong dependence of surface area on the nano-pores size and quantity. 
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Adsorption-desorption curves obtained by the BET method are shown in Figure 6.43 where a 

representative example of the hysteresis curve of a SCS Ni catalyst can be seen. Based on the 

shape of this curve, it appears that the pores of the catalysts tested have a predominantly 

wedge shape [320]. The form of the pores affects heat release during SCS, the cooling rate after 

SCS and hydrogen adsorption-desorption i.e. pore shape influences catalysts’ structure 

formation and their activity. 

 

Figure 6.43: Hysteresis curve of a SCS Ni catalyst. 

Figures 6.44a-d show the pore size distribution for the four samples prepared with different 

amounts of distilled water in the SCS initial mixture. It is clear that the transient structures 

formed in solution during SCS pre-treatment affect directly the properties of the SCS products, 

such as pore size and distribution. 

 

(a) 

Figure 6.44. BJH adsorption pore distribution results for a) 25ml of water in initial SCS solution. 
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(b) 

 

(c) 

 

(d) 

Figure 6.44. BJH adsorption pore distribution results for a) 25, b) 50, c) 75 and d) 100ml of 

water in initial SCS solution. 
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The results of the pore distribution analysis appear to support our conclusions that for the 

samples with 25 ml of water in the initial solution, which have a sol-gel consistency, the 

relatively large amounts of energy that are released during the SCS reaction result in localised 

melting and sintering and therefore give lower porosity in the material. This explains the lower 

overall surface area shown in Figure 6.42. It appears therefore that, in this case, it is the 

decomposition of nitrates that plays the most important role in pore formation than the 

amount of water used. Gas formation during decomposition of nitrates would be expected to 

lead to the formation of nano-pores under these conditions, as shown in Figure 6.43. 

Conversely, in the samples produced with 50 ml of water, the amount of water is now a more 

important factor than decomposition of the nitrates. The more intensive gas formation tends 

to form many more and larger pores, even micro-pores, increasing only slightly the overall 

specific surface area. The larger size of these micro-pores reduces oxidation during cooling, 

since the temperature inside these larger pores would be expected to decrease more rapidly. 

This helps to explain the finding of predominantly Ni as a product with just traces of NiO in the 

catalyst, as shown in Figure 6.39.  

With the use of even more water (75 ml) in the initial solution, the temperature of combustion 

decreases substantially and as a result the rate of formation of pores is lower. Moreover, the 

SCS reaction rate is lower, and as a consequence the formation of the gases NOx, N2 and CO2 

(reactions ii, iii, vi, vii, x), as well as the evaporation of water are slower, giving more time for 

nano-pores to form. At even higher water content (100 ml), a smaller total volume of nano-

pores and a larger volume of micro-pores are obtained because of the larger amount of water 

that evaporates and passes through the pores. For the SCS catalyst with 100 ml of water in the 

initial solution, total porosity of the material is the highest (the pore distribution curve is the 

widest), but the volume of nano-pores shaped in it is minimised, as compared to the catalysts 

with 75 ml of water in their initial solution and this results in the observed decrease in its 

specific surface area (Figure 6.42).  

Gas adsorption curves are shown in Figure 6.45 where the quantity of the gas adsorbed is 

plotted against relative gas (hydrogen) pressure.  

 

(c) (c) 
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Figure 6.45: Hydrogen adsorption curves for the SCS Ni-based catalysts with different amount 

of water in the initial solution. 

The results show that for 50 and 75 ml of water content, the gradient of adsorbed quantity of 

hydrogen with increasing relative pressure is negative. This may be understood in terms of the 

concentration of nano-pores since lower concentration of nano-pores implies lower adsorbed 

quantity at higher pressures. Indeed, the gradients of the curves for 75 and 100 ml are higher 

showing higher adsorbed quantity at higher pressures due to the higher concentration of 

nano-pores. 

6.6.4. Catalytic studies 

The catalytic activity of the Ni-based SCS catalysts discussed above was examined in liquid-

phase hydrogenation of maleic acid. In all cases, the kinetic and conversion curves were 

obtained for the first twenty minutes of the hydrogenation of maleic acid.  

 

Figure 6.46: Dependence of observed maleic acid hydrogenation on the SCS Ni-based catalysts 

on the volume of absorbed hydrogen. 
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Figure 6.46 shows the resulting set of kinetics curves of the SCS catalysts with different 

amount of water in their initial solution. The catalysts made with 75 ml and 100ml of water 

appear to be most active, while the catalyst made with 50 ml in the initial solution was almost 

inactive. Conversion curves of the catalysts are shown in Figure 6.47. 

 

Figure 6.47: The dependence of maleic acid conversion on the SCS catalysts calculated from 

the quantity of absorbed hydrogen. 
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correlate well with the catalysts’ kinetic curves (Figure 6.46). Interestingly, the catalyst made 

with 75 ml of water shows higher conversion rate than the one made with 100 ml water, even 

though the latter catalyst gave higher rate of hydrogenation per minute. The dependence of 

the catalytic activity – maximum rate of hydrogenation measured per minute – during 

hydrogenation on the quantity of water in the initial SCS solution is presented in Figure 6.48.  
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Figure 6.48: Correlation between the amount water in the initial solution and the catalysts’ 

activity in liquid-phase hydrogenation of maleic acid. 

Activity depends on many physical properties of the catalysts such as surface area, crystal 

lattice spacing, crystallite size, particle size, pore size and pore shape and this is confirmed in 

the present study. The catalyst with 25 ml of water in the initial solution shows a relatively 

moderate activity since, although it contains many nano-pores its overall surface area is 

moderate (Figure 6.43). On the other hand, the catalyst made with 50 ml of water has almost 

no nano-pores and just traces of NiO (Figure 6.40) and displays lower activity. This is because 

NiO acts as a carrier for the metallic Ni catalyst whose quantity and structure determine the 

overall activity of catalysts. In its absence the catalytic activity decreases significantly. With 

further increase in the amount of water in the initial SCS solution to 75 ml, the total amount of 

nano-pores increases together with the amount of NiO and so does the measured activity. 

Lastly, the catalyst made with 100 ml of water has a lower measured surface area, but the 

ratio between the metallic and non-metallic phase is higher (Figure 6.40) which leads to a 

slight increase of activity. 

The catalyst activity results are correlated with the hydrogen adsorption results in Figure 6.45. 
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higher. The higher hydrogen adsorption of the catalyst with 25 ml of water also helps to 
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measured catalytic activity in liquid-phase hydrogenation of maleic acid against the catalysts’ 

specific surface area.  

 

Figure 6.49: Dependence of SCS catalysts’ activity upon their specific surface area. 

In the case of the catalysts made with 25 ml of water in the initial SCS solution, although their 

specific surface area is the lowest, its activity is not due to the existence of nano-pores (Figure 

6.44a). Furthermore, despite the fact that the specific surface area of the catalyst with 50 ml of 

water increases, its hydrogenation rate decreases significantly which may be explained by the 

fact that it contains only traces of nickel oxide as a carrier (Figure 6.39). Catalysts made with 

higher amounts of water (75 and 100 ml) results in increased catalysts’ specific surface area 

and concomitant increase of their catalytic activity in hydrogenation of maleic acid. Catalytic 

activity is also dependent on the nickel oxide’s content in the final product, as presented in 

Figure 6.50.  

 

Figure 6.50: The catalytic activity of the four SCS catalysts against XRD peak ratio of NiO/KCl. 
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As shown in Figure 6.50 increasing the amount of nickel oxide in the catalyst increases their 

catalytic activity in hydrogenation. This agrees with the earlier premise that nickel oxide acts as 

a carrier for nickel metal in liquid-phase hydrogenation of maleic acid and that its presence is 

essential for the hydrogenation reaction. 

Catalytic performance is also correlated with some of the catalysts’ physical properties. Figures 

6.51a-b and 6.52a-b show the dependence of the activity of the SCS catalysts upon Ni and NiO 

crystal lattice spacing and crystallite size. 

 

(a) 

 

(b) 

Figure 6.51: Dependence of catalytic activity on (a) Ni and (b) NiO crystal lattice spacing. 
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hydrogenation reaction there is optimum crystal lattice spacing for optimum adsorption of 

hydrocarbons including hydrogen. The results indicate that, for maleic acid hydrogenation, the 

optimum crystal lattice parameter for nickel is at least 2.034 Å whereas for nickel oxide it is at 

least 2.0865 Å. 

Finally, the size of the crystallites in the four types of catalysts studies correlates with their 

catalytic activity in liquid-phase hydrogenation, as presented on Figure 6.52.  

 

(a) 

 

(b) 

Figure 6.52: Dependence of catalytic activity upon Ni (a) & NiO (b) crystallite size. 
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6.6.5. Gas chromatography measurements 

The results of the study of the adsorption of hydrogen gas on the surface of the SCS catalysts 

carried out by RF-IGC are shown in Figures 6.53a-d.  

 

(a) 

 

(b) 

Figure 6.53: Time-variation of the equilibrium adsorbed concentration of the gas adsorbate 

(H2) on the surface of the powdered catalysts with (a) 25 and (b) 50 ml of water in the initial 

SCS mixture, at 80°C. 
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(c) 

 

(d) 

Figure 6.53: Time-variation of the equilibrium adsorbed concentration of the gas adsorbate 

(H2) on the surface of the powdered catalysts with (c) 75 and (d) 100 ml of water in the initial 

SCS mixture, at 80°C [The RF-IGC measurements and data analysis conducted in collaboration 

with Dr. E. Metaxa in School of Chemical Engineering, NTUA]. 

The time-variation curves of the equilibrium adsorbed concentration, c*
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The variations observed in hydrogen’s adsorbed concentration shown in Figures 6.53a-d are 

probably connected with the catalysts’ active centers topography. This is depicted in the 

results in Figure 6.54. 

 

Figure 6.54: Surface topography of catalytic active sites through the distribution function of 

the local adsorption energies for the four different SCS catalysts, at 80°C [The RF-IGC 

measurements and data analysis conducted in collaboration with Dr. E. Metaxa in School of 

Chemical Engineering, NTUA]. 

Figure 6.54 depicts the time-variation of the probability density function, φ(ε;t), of the local 

adsorption energy, ε, and the points where a local minimum in each graph φ(ε;t)=φ(t) is found 

which are the points distinguishing the different types of each catalyst’s active sites. Analysis 

of these results show that up to four different kinds of active sites (A,B,C,D) are fully activated 

and clearly distinguishable for each of the catalysts made with 100 ml, 25ml and 75 ml water. 

In the case of the catalyst made with 50 ml water (which displays the lowest activity in 

hydrogenation of maleic acid), no type D active sites were detected indicating that the type D 

active sites plays a significant role in determining the overall activity of these catalysts. It is 

interesting to note that, for the catalyst made with 75 ml water, the distinction between site 

groups B and C is not particularly clear indicating that they are possibly of similar structure. In 

addition, the type A and type B active sites in the three active catalysts show lower measured 

energy in comparison with the same sites in the low activity catalyst made with 50 ml of water. 

This may be related to high desorption energy of low activity catalyst and low energy 

desorption of active catalysts. 
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6.6.6. Conclusions 

The relative amount of water in the initial solution for Solution Combustion Synthesis has 

generally been assumed to be of minor significance to the final product. However, in this work 

it was found that the initial concentration of nitrates in the aqueous solution affects the 

characteristics and properties of Ni-based catalysts including their final composition, crystallite 

size and parameters of crystal lattice, pores size distribution and surface area. In addition, the 

relative amount of water in the initial aqueous solution appears to have a substantial effect on 

their catalytic activity in maleic acid liquid phase hydrogenation. The underlying mechanism for 

this effect appears to be the prolonged persistence and delayed decomposition of hydrates 

that form during the early preheating stages of SCS. This is especially significant for structure-

sensitive catalytic reactions, such as catalysis in the liquid-phase. Last but not least, the results 

show that NiO acts as an enabling carrier for the metallic nickel in such catalysts; when NiO 

was not present in the materials, the nickel-containing catalysts were mostly inactive. 

 

Furthermore, there are strong indications that the effect of the strength of the initial aqueous 

solution that is reported here may be relevant for other catalytic synthesis processes which 

use aqueous solutions of salts, such as impregnation, precipitation, sol-gel and other methods 

and which employ further thermal treatments during synthesis. This work shows for the first 

time, that compounds, such as hydrates, which form in solution appear to persist even after all 

the water has evaporated and influence the physico-chemical properties of the products 

formed during later stages. This apparent "memory effect" exists even during the later 

sintering stages and may explain many of the difficulties reported in repeating synthesis results 

since the strength of the initial aqueous solution is generally not taken into consideration 

during analysis of catalytic synthesis. 

 

6.7. The effect of precursor solution pretreatment on the final products’ properties  

The results presented here have been pubished as: O. Thoda, G. Xanthopoulou, G. 

Vekinis, A. Chroneos, Applied Sciences journal, 2019, 9(6), 1200. 

6.7.1. Catalysts preparation 

Nickel nitrate hexahydrate (66.7%wt) and glycine (33.3%wt) - for a total solid mass of 14g - 

were mixed with various quantities of water (25, 50, 75, 100ml) and 8 solutions were prepared 
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– 2 with each quantity of water. One solution from each water quantity was pre-heated in a 

borosilicate glass beaker on a hot plate with mild magnetic stirring until the temperature 

reached 70oC. At that point the beaker was placed in a pre-heated furnace at 500oC in air 

atmosphere for the SCS to take place. The other four solutions (with 25, 50, 75 and 100ml of 

water) were placed directly in the furnace without any pretreatment. In all experiments, after 

the completion of the SCS cascade of reactions, the beaker was removed from the furnace and 

left to cool down in room temperature.  

6.7.2. Infra-red camera analysis 

An infra-red camera was employed to take captions of the samples with 75 ml of water in the 

precursor solution during combustion and they are presented below on Figure 6.55. The 

photos were taken approximately at the same time for the not-pretreated (a) and pretreated 

(b) samples at 70C. 

 

a 

 

 

b 

Figure 6.55. Captions of the a) not-pretreated and b) pretreated samples during combustion 

using IR-camera at 70C [The IR-camera photos were taken by Dr. S. Roslyakov in National 

University of Science and Technology “MISIS] 
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As can be seen from the images above, there are well-developed and clearly distinguished 

dendrites, when the pretreatment is applied on the precursor solution. On the other hand, in 

the not-pretreated sample there are no developed structures, indicating different mechanism 

during SCS that results in different composition and microstructure of the obtained 

nanopowders. The combustion process for the other three water quantities was also 

investigated with the IR - camera and the results obtained were similar to those presented in 

Figure 6.55. 

The formation of the dendritic structure is originated to the hydrates formation in the solution 

phase, combined to the extensive gas emission during SCS. These results are attributed to 

several controlling factors:  the nickel nitrate crystal structure, the nature of diffusion through 

the water as solvent, the formation of nickel and nickel oxide, the formation of strong bonds of 

glycine-nickel nitrate tetrahydrate [C2H13N3NiO12] during reaction of glycine with nickel nitrate. 

The pretreatment of the initial SCS solution facilitates the formation of hydrates due to the 

slow heating and mild stirring that are applied during this stage. The formed hydrates still exist 

in the gel phase after the evaporation of water (during heating in the furnace) and they 

participate in the exothermic reaction. It appears that when these dendrites exist (with 

pretreatment) the reaction takes place in lower velocity as it takes place through their 

complicated structure and thus, there is less time available for the oxidation of nickel. 

6.7.3. Structural analysis 

Figure 6.56 illustrates the patterns obtained from XRD analysis for the nanopowders examined. 

The unidentified peak that appeared on some of the patterns below the 20 degrees is 

associated with the substrate employed for the XRD measurement, it was not taken into 

account during the analysis and it was not in conflict with any sample peaks. 
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Figure 6.56. XRD patterns from the SCS-derived materials on the basis of initial mixture 66.7% 

Ni(NO3)2·6H2O and 33.3% glycine with different amount of water added in the initial solution a) 

with and b) without heated stirring. 

XRD analysis revealed the major impact of the precursor solution’s pretreatment. The two 

resulting phases – Ni and NiO – appear to exist in various ratios in the final product. On Figure 
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6.57 below, the semi-quantitative analysis of these two phases is presented as a function of 

the preparation conditions. 

 

a 

 

b 

Figure 6.57. Semi-quantitative analysis of a) Ni and b) NiO phases in the resulting materials. 

Based on the data obtained by XRD patterns, the heated stirring appears to have a major 

influence on the final products’ composition. When heated stirring is applied in the precursor 

SCS solution up to 70C, the concentration of nickel in the final product is greatly enhanced, 

thus improves their catalytic activity toward the liquid-phase hydrogenation. The pretreatment 

influences the nickel nitrate-glycine complexes that are formed in the precursor solution in the 
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form of dendrites, which play a key role in the SCS reaction mechanism and the formation of 

nickel. It appears that when these dendrites exist (with pretreatment) the reaction takes place 

more slowly as it yield through their complicated structure and thus, there is less time 

available for the oxidation of nickel. Furthermore, the heated stirring before SCS has a 

considerable effect on the nanopowders microstructure, as shown on Figures 6.58 and 6.59 

that exhibit the calculated crystal lattice spacing and crystallite size for nickel and nickel oxide. 

The standard deviation for crystal lattice spacing values is estimated to be ± 0.0005Å and that 

for crystallite size ±2nm. 

 

a 

 

b 

Figure 6.58. Influence of heated stirring on the crystal lattice spacing of a) Ni and b) NiO. 
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The pretreatment on the precursor solution appear to have a more complicated influence on 

the crystal lattice spacing of nickel and nickel oxide. In the case of 50ml and 100ml of water, 

pretreatment resulted in a reduction of crystal lattice spacing for both phases. On the other 

hand, when 75ml of water were added in the initial mixture, the applied heated stirring did not 

significantly influence the crystal lattice spacing. The observed changes in the lattice spacing 

suggest alteration of the materials’ defect structure, which is a major characteristic concerning 

their catalytic performance. 

 

a 

 

b 

Figure 6.59. Influence of water quantity and heated stirring on the a) Ni and b) NiO crystallites 

size. 
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The influence of pretreatment is clearly observed on crystallite size of nickel and nickel oxide 

as well. The calculated crystallite size of both phases appears to increase when the 

pretreatment is applied on the initial SCS solution. The existence of dendrites led to the 

inhibition of the oxygen diffusion on the foam-like structure, due to the resulting more dense 

structure (lower height of dendrites in the final product). In accordance, the oxidation of 

glycine is not complete, yielding carbon and carbon monoxide which reduce nickel oxide to 

nickel. This double thermal treatment led to the occurrence of sintering process and the 

increase of crystallite size. Larger crystallites have less surface energy and as a result they tend 

to agglomerate less. The extent of the crystallites agglomeration severely influences the 

material’s specific surface area that is shown on Figure 6.60. The standard deviation of the 

surface analyzer’s values is estimated to be ±0.2 m2/g. 

6.7.4. Pore analysis and surface area measurements 

 

Figure 6.60. Influence of water quantity and heated stirring on the specific surface area of the 

produced materials. 

The specific surface area (SSA) of the as-burnt materials was also altered by the pretreatment 

of the precursor solution, as it is demonstrated on Figure 6.60. The effect of pretreatment on 

the materials specific surface area was beneficial as for all water quantities examined the SSA 

increased, suggesting its advantageous nature. These results are in accordance with the 

previous calculated crystallites size for the pretreated and not pretreated materials. The 

heated stirring resulted in larger crystallites for both of the phases, inhibiting sintering process 

and leading into larger specific surface area. 
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Adsorption-desorption curves obtained by the BET method are shown in Figure 6.61 where the 

hysteresis curves of SCS products from a not-pretreated and a pretreated solution can be seen 

with 75ml added in the initial mixture. 

 

a 

 

b 

Figure 6.61. Hysteresis curves of SCS materials prepared from a) not-pretreated and b) 

pretreated precursor solution with 75ml H2O. 
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evaporation from pores and condensation in the pores are two completely different processes, 

which implies that capillary condensation occurs within mesopores. The shape of the 

hysteresis loop of the pretreated sample is type A, according to De Boer categorization, 

suggesting the existence of mainly cylindrical pores. Moreover, the bigger loop indicates the 

better pore connection, thus there are many open pores. On the other hand, the type of loop 

in the not-pretreated sample corresponds to type C and its distinctly smaller hysteresis loop 

reflects the presence of many closed or semi-closed pores, such as wedge-shaped, cylindrical 

and slit-shaped pores with one closed side or a dead end.[304] 

In addition, BET measurements provided the pore size distribution of the pretreated and not 

samples in the case of 75ml of water. 

 

Figure 6.62. BJH adsorption cumulative pore volume concerning the influence of pretreatment 

on the basis of initial mixture 66.7% Ni(NO3)2, 33.3% glycine, 75ml H2O. 
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attributed to the various crystallite sizes of the resulting phases, and not the materials’ 

porosity characteristics. 

6.7.5. Temperature profiles 

Thermal measurements concerning the reaction temperature as a function of the reaction 

time were occurred and they are presented on Figure 6.63. 

 

a 

Figure 6.63. Reaction temperature as a function of reaction time during SCS for the samples 

with and no pretreatment on the basis of initial mixture: 66.7% Ni(NO3)2, 33.3% glycine a) 75ml 

H2O. 
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b 

Figure 6.63. Reaction temperature as a function of reaction time during SCS for the samples 

with and no pretreatment on the basis of initial mixture: 66.7% Ni(NO3)2, 33.3% glycine b) 

100ml H2O. 

According to the obtained data, the pretreatment did not influence the combustion 

temperature. The belated time of the combustion initiation for the not-pretreated sample is 

attributed to the quantity of the water that evaporated during the heated stirring. 

Nevertheless, the two observed peaks during SCS have different intensity and duration, 

implying a mechanism modification triggered only by the pretreatment application on the 

precursor solution. The first peak is attributed to the exothermic reaction of glycine with nickel 

nitrate, while the second to the reduction of nickel oxide with hydrogen and carbon. The 

resulting material of the pretreated solution has a more intensive and wider peak accorded to 

the nickel production, suggesting the higher concentration of nickel in the final product, 

compared to the not-pretreated product. This is confirmed by the semi-quantitative analysis 

(Fig.6.57), where the nickel concentration is indeed enhanced when pretreatment is applied. 

The well-developed dendrites in the pretreated sample resulted in the alteration of 

combustion mechanism, in comparison with the not-pretreated one. When the pretreatment 

was applied the reaction between glycine and nickel nitrate was slower, while in the second 

case was more violent. The existence of dendrites led to the inhibition of the oxygen diffusion 

0

100

200

300

400

500

600

700

600 650 700 750 800 850 900 950 1000

R
e

ac
ti

o
n

 t
e

m
p

er
at

u
re

, 
C

 

Reaction time, s 

pretreatment

no pretreatment



145 
 

on the foam-like structure, due to the resulting more dense structure (lower height of 

dendrites in the final product). Correspondingly, the oxidation of glycine is not complete, 

yielding carbon and carbon monoxide which reduce nickel oxide to nickel. That explains the 

higher second peak of the pretreated sample, compared to the not-pretreated one as well as 

its higher concentration of nickel in the final product composition. The formation of carbon 

monoxide was confirmed using a KANE-450 gas sensor. 

6.7.6. Catalytic studies 

The Ni-based synthesized materials were employed as catalysts. Their catalytic activity was 

tested in liquid-phase hydrogenation of maleic acid and conversion curves were obtained. The 

catalysts which were prepared from pretreated precursor solutions appear to more active, and 

the obtained conversion curves of the catalysts are shown in Figure 6.64. 

 

Figure 6.64. The dependence of maleic acid conversion on the SCS catalysts calculated from 

the quantity of absorbed hydrogen after 20 min of hydrogenation. 

The degree of conversion of maleic acid into succinic acid is very low for the catalysts produced 

from not-pretreated solution whereas the catalysts made from pretreated solutions exhibit 

better catalytic activity, with the catalyst prepared with 75 ml of water showing the highest 

conversion rates. The enhanced catalytic performances of the catalysts prepared from the 
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open porosity for the catalyst with 75ml of water as the obtained adsorption/desorption 

curves suggested. 

6.7.7. Conclusions 

This research revealed that: 

 The pretreatment influences the nickel nitrate-glycine complexes that are formed in 

the precursor solution and are responsible for the dendritic formation of the final 

products. This dendritic formation influences the microstructure of the final products 

and their composition. The form of dendrites affects the SCS reaction mechanism and 

the cooling time. These parameters have a major effet on the catalyst composition, 

porosity, specific surface area ans as a result their catalytic performance varies. 

 When the dendritic structure appears (with pretreatment) the reaction rate is lower as 

it takes place through their complicated structure and thus, there is less time available 

for the oxidation of nickel. Furthermore, the existence of dendrites led to the 

inhibition of the oxygen diffusion on the foam-like structure resulting in inhibition of 

nickel oxidation during cooling. The combination of those two conditions led to the 

increase of nickel concentration in the synthesized catalysts. 

 In accordance, the oxidation of glycine is not complete, yielding carbon and carbon 

monoxide which reduce nickel oxide to nickel. This “double thermal treatment” led to 

the occurrence of sintering process and the increase of crystallite size. 

 Larger crystallites have less surface energy and as a result they tend to agglomerate 

less, leading to enhanced specific surface area. 

These results help to explain phenomena which have been observed during SCS, such as 

dendrites formation. The influence of pretreatment may explain many of the difficulties 

reported in repeating synthesis, since this parameter generally was not taken into 

consideration during the investigation of nanomaterials synthesis. 

Thus, taking into consideration pretreatment influence has significant potential applications in 

the preparation other nanocomposite catalysts for engineering highly efficient catalysts and 

also for researchers that are occupied with nananomaterials. 

 

 



147 
 

6.8. Solution Combustion Synthesis of nano-catalysts with a hierarchical structure 

The results presented here have been published as: G.Xanthopoulou, O.Thoda, 

S.Roslyakov, A.Steinman, D.KovalevdE.Levashov, G.Vekinis, A.Sytschev, A.Chroneos, 

Journal of Catalysis, 2018, 364, 112-124. 

Of particular current interest worldwide is the development of technological methods for 

obtaining hierarchical three-dimensional network structures permeated with nano-sized pores. 

Such three-dimensional percolation structures of nano-composites on the basis of metal oxides 

and metals obtained by combustion in solution provide the capability for increasing the 

selectivity and activity in catalysis. 

6.8.1. Catalyst preparation 

The initial solution contains nickel nitrate hexahydrate [Ni(NO3)2·6H2O] as the oxidizer with 

glycine as the reducer. In the series of experiments carried out, four types of samples were 

synthesized keeping the quantity of nickel nitrate constant at 9.34g in the initial mixture with 

75ml distilled water, adding specific amounts of glycine (80, 60, 50 and 40wt% of nickel 

nitrate) to achieve fuel to oxidizer molar ratio (φ) of 2.78, 2.08, 1.74 and 1.4 for the production 

of Ni and NiO where φ=1.0 corresponds to the stoichiometric composition for the equation 

below.  

                                              
  

 
    

 

 
   

6.8.2. In-situ monitoring and characteriation of the SCS process 

During the SCS combustion experiment with φ=1.4, two different cameras were used in order 

to observe combustion synthesis processes as well as to capture the combustion wave during 

its development. As shown in Figure 6.65, the width of the combustion wave is approximately 

1mm and the temperature during combustion in the wave is in the range of 650-730oC.  
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Figure 6.65. Thermal photos of the combustion wave during SCS in the system with φ = 1.4 

using IR camera (left) and high speed camera (right) [The IR and high speed camera 

measurements were performed by S. Roslyakov in National University of Science and 

Technology “MISIS”]. 

The evolution of combustion temperature with time for the three different φ values used is 

presented in Figures 6.66a-c. In each case, combustion regime and maximum combustion 

temperature change. 

 
a 

Figure 6.66. Temperature evolution during SCS for φ values a) φ=1.4 

1mm 

1mm 
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b 

 
c 

Figure 6.66. Temperature evolution during SCS for φ values b) φ=2.08 c) φ=2.78 (SCS 

preheating temperature 300oC). [The IR - camera measurements were performed by S. 

Roslyakov in National University of Science and Technology “MISIS”]. 
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As indicated in Figure 6.66a-c and taking into account additional temperature measurements 

with thermocouples in and above the solution, increasing glycine concentration in the initial 

mixture from φ=1.4 to φ=2.78 leads to a decrease in the maximum combustion temperature 

from 750 oC for φ=1.4 to  680oC for φ=2.78. Interestingly, in the case of the fuel-rich 

specimen (φ=2.78), after the end of the reaction, carbon particles were observed, coating the 

inside of the container which continued to burn in a flash mode, indicated by the small sharp 

peak at approximately 200 sec (Fig. 6.66c). 

These results are in line with expectations since the maximum combustion temperature would 

be expected to decrease as we move away from the stoichiometric composition φ=1.0. In 

addition, these combustion observations also allowed a clarification of the changes in the 

combustion regime itself. While for φ=1.4 combustion occurred “in the volume”, where 

combustion initiates from many points in the whole volume of the gel, in the cases where φ is 

higher combustion initiates and proceeds in the self-propagating wave regime (starts from one 

small area and then it is self-propagated to the remaining gel). For example, in the sample with 

φ=2.08 (Figure 6.66b), two combustion waves were observed: one wave ran from top to 

bottom with a low speed (about 0.06 cm/s) and as soon it reached the centre a second wave 

started at the bottom of the specimen which propagated towards the first with a higher speed 

of about 0.3 cm/s. Therefore, in this sample the two-wave combustion resulted in a double 

heat treatment of the products, one from each wave. These differences in regime of 

combustion are reflected in the products’ composition and structure (Figure 6.67). 

 
            a           b           c           d 

Figure 6.67. Influence of φ (glycine/nitrate molar ratio) on the structure of SCS catalyst: a) 

φ=1.4 b) φ=1.74 c) φ=2.08 d) φ=2.78. 
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SCS products in general display a pronounced 3-dimensional dendritic foam-like structure as 

illustrated on Figure 6.67 which shows how materials appear after SCS. The different colours 

that appear in Figure 6.67 indicate variations in microstructure. The hydrates that are formed in 

the precursor solution are preserved in the gel phase after the evaporation of the water. As the 

combustion takes place through their complicated structure, the 3-dimensional dendritic 

structure occurs.  

Significantly, the SCS products’ final structure exhibited noticeable differences when the glycine 

concentration was varied. A possible explanation of this phenomenon would be that increasing 

the fuel concentration leads to higher combustion temperatures, thereby enhancing sintering. 

On the other hand, the observed aggregation process at high φ could be connected with 

extended combustion due to fuel excess, soot origination and soot burning-out process after 

combustion. Under these conditions, sintering of nanoparticles is possible even as low as 

500oC. Results obtained from the thermogravimetric (TG) and differential thermal analysis 

(DTA) analysis results seem to support such a conclusion. These tests were carried out for 

compositions with ϕ = 1.4 and ϕ= 2.8 and are shown in Figure 6.68. It can be seen that the 

auto-ignition temperature for both cases is very low at about 200°C. 

 
(a) 

Figure 6.68. TGA-DTA analysis of samples with (a) ϕ = 2.78. 
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(b) 

Figure 6.68. TGA-DTA analysis of samples with (b) ϕ= 1.4  [Dr. A. Steinman conducted the TGA 

measurement in National University of Science and Technology “MISIS”]. 

Decreasing nickel nitrate concentration in the initial SCS mixture results in decreasing 

formation of nitrogen oxides gases. As shown in Figure 6.68, TG curve drops 50% (φ = 2.78) 

and 70% (φ = 1.4) in the range of temperatures 25-200oC due to the decreased amount of 

released NO and NO2. Moreover, according to the literature [65], the step-like weight loss is 

connected to the loss of three lattice water molecules from nickel nitrate hexahydrate at 95oC 

and all lattice water molecules at 110oC. At approximately 150oC glycine starts to burn and at 

200o C there is a local minimum of the DTA curve, which signifies maximum heat release from 

solution combustion synthesis. Even after SCS has completed, a further weight loss is recorded 

as glycine’s decomposition products have only reacted partially during combustion and soot 

burning-out takes place at this point. In the case of φ=2.78 (Figure 6.68a) this process is more 

noticeable on the TG curve. This is also shown in the DTA curves where in both cases two 

exothermic peaks are evident corresponding to the SCS exothermic effect and the burning out 

soot process. 

6.8.3. Structural analysis 

The development of the various phases as a function of amount of water in the SCS mixture is 

shown in the series of XRD spectra in Figure 6.69. 
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Figure 6.69: XRD patterns of the SCS catalysts on the basis of various ratios (φ) between nickel 

nitrate hexahydrate and glycine.  

 

All catalysts tested (Figure 6.69) had two main products: metal Ni and NiO. These products are 

the result of the following multi-branch reaction cascade: 
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    (ix) 

                                    (x) 

                                      (xi) 

           (xii) 

The phase composition of the products, as determined by the comparative XRD analysis and 

crystal lattice spacing relative ratio, as a function of fuel to oxidizer ratio (φ) in the SCS solution 

are presented in Figure 6.70, where the variation between Ni/KCl and NiO/KCl are shown 

together for comparison in Figure 6.70a where the catalytic activity is also shown.  

 

(a) 

Figure 6.70. a) Dependence of ratio of XRD peaks and catalytic activity on fuel to oxidizer ratio 

in initial SCS mixture. 
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(b) 

Figure 6.70. b) Dependence of relative crystal lattice spacing and catalytic activity on fuel to 

oxidizer ratio in initial SCS mixture. 

As shown in Figure 6.70a, the maximum nickel content in the SCS products is found for φ=1.4, 

where the nickel oxide’s concentration is minimum. In addition, the catalytic activity shows a 

direct dependence on nickel concentration in the final product which is correlated with the 

finding that the curve of activity has the same gradient as the nickel concentration curve. 

Comparing results in figures 6.70a and 6.66b, it is seen that during the SCS reaction for φ=2.08 

two well-defined combustion waves (expanding from top to bottom) appeared during SCS. It is 

probable that during the first wave, there was hydrogen formation in the gas phase (reaction 

(vi)) followed by further reduction of NiO (reaction (viii) in liquid phase and immediate partial 

oxidation of nickel (reaction (ix)) during the second wave as a result of the high temperatures 

achieved during the previous exothermic reactions. In the other cases, the oxidation process is 

less intense which explains the minimum observed in the Ni concentration curve and the 

maximum of NiO concentration for this particular sample. Τhe concentration of nickel is similar 

in the nanocatalysts produced with φ=1.4, 1.74 and 2.78 though the sample with φ=1.4 

(minimum φ value) was measured to have the highest concentration. That can be justified by 

the increased oxidation process that occurs during the prolonged cooling as φ increases and so 

does the soot concentration in the mixture. 

The reason why only for φ=2.08 were two combustion waves observed is that this is the 

stoichiometric ratio for hydrogen production (reaction (vi)), which is a highly exothermic 

reaction and under these conditions reduction of nickel oxide is favoured. The results shown in 
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Figure 6.70b also reveal that the nickel crystal lattice spacing of 2,037Å for hkl = 111 is (close 

to) optimum for maleic acid hydrogenation. Furthermore, it appears that there is slight 

correlation between the crystal lattice spacing of nickel and the activity of catalysts. 

In Figure 6.71 a sequence of 50 XRD traces obtained by Time-resolved X-ray diffraction 

(TRXRD) studies (measured each second) describes the process of phase formation during SCS 

for composition with φ =2.08. The spectra are presented in both 2D of 2θ vs time as well as in 

3D of 2θ vs intensity vs time. The initial solution nitrate-glycine gives a diffraction spectrum 

with wide amorphous halo that indicates an absence of phases in the crystalline state. On SCS 

ignition nickel lines (111) and (200) appear first and within 6 seconds their intensity increases. 

A little later, a reduction of their amplitude with simultaneous appearance of lines (101), (012) 

and (110) of NiO is observed. This implies that after the formation of nickel from the reduction 

of nickel oxide, nickel concentration decreases with time while the concentration of NiO 

increases. It is therefore feasible to conclude that the second wave observed during SCS with 

φ=2.08, is connected with oxidation of Ni which was formed in the initial stage. 
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Figure 6.71. Results of time-resolved X-ray diffraction analysis in an SCS gel with φ=2.08 [Dr. D. 

Kovalev from the Institute of Structural Macrokinetics and Materials Science in Russia 

performed the TRXRD analysis]. 

The temperature profile measured during actual SCS combustion is presented on Figure 6.72. 

The exothermic peaks visible correspond to the formation of hydrogen (reaction vi), nickel 

(reaction viii) and soot combustion (reaction xii). Note that the speed of heating during the 

DTA tests and temperature profile analysis was different which explains the different number 

of detected exothermic peaks in each analysis. In Figure 6.72, the measurements were taken 

within the gel (“bottom thermocouple”) and within the gas phases (“top thermocouple”). 
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Figure 6.72. Temperature curves for samples with φ=0.4 and φ=0.8 in the initial mixture 

(preheating temperature 500oC). These measurements were carried out during actual SCS and 

resulted in more detailed data concerning all the reactions yielded. 

Figure 6.72 (bottom thermocouple) indicates that the SCS reactions were mainly active within 

the gel where the concentration of components is higher. In the gas phase (top thermocouple) 

the exothermic effects detected were mainly due to reactions (vi) and (vii), which concern 

hydrogen formation. It is also possible that reaction (viii), where nickel is formed, influences 

the formation of dendrites (when volume of product is significantly increased) which results in 

the exothermic effect detected by the bottom thermocouple. Comparison of Figures 6.66 and 

6.72 indicates that, at 500 oC, there are bigger differences in combustion temperature than at 

300oC, which may be attributed to the different conditions of the experiments (temperature 

and volume of initial mixture) and the different methods of measurement. 

6.8.4. Catalytic studies 

The kinetic and conversion curves obtained from catalytic maleic acid hydrogenation to 

succinic acid on nickel SCS catalyst are presented on Figure 6.73.  
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(a) 

 

(b) 

Figure 6.73. Dependence of maleic acid hydrogenation (a) conversion and (b) velocity on fuel 

to oxidizer ratio φ. 

As shown on Figure 6.73a, maximum conversion of maleic acid was measured for the catalysts 

produced with φ=1.4 and φ=1.74. The most active catalyst (Figure 6.73b) and the one with the 

highest conversion is the one with fuel/oxidizer ratio of 1.4.  
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(a) 

 

(b) 

Figure 6.74. a) Influence of glycine concentration on the surface area and activity of the SCS 

catalysts and b) influence of Ni crystallite size on the activity for various φ values. 
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specificsurface area of the catalysts (and associated decrease of their catalytic activity) with 

increasing fuel content is probably related to the increase in Ni crystallite size which results 

from increasing sintering of crystallites (Fig.6.74b). The measured increase of specific surface 

area and activity at φ=2.78 (Fig.6.74a) is probably connected with changing of the SCS 

mechanism at high concentration of fuel as hydrogen production is favoured which also leads 

to reduction of NiO to Ni (Fig.6.70a) which is a catalyst in this reaction. The catalyst’s crystallite 

size is an important factor for catalytic activity and, as can be seen in Figure 6.74b, reduction of 

crystallite size leads to increased specific surface area. This is mainly attributed to the better 

dispersion of nickel on nickel oxide when the nickel crystallites are smaller. According to the 

obtained data, for φ=1.4, the minimum of nickel crystallite size corresponds to maximum 

activity in maleic acid’s hydrogenation. 

The hydrogen adsorption-desorption curves obtained by the BET method are shown in Figure 

6.75a-b, where the hysteresis curves obtained for SCS Ni catalysts produced here are shown. 

Based on the IUPAC classification of isotherms [314], the curves obtained are probably Type IV. 

Their main characteristic is their hysteresis loop, which is associated with capillary 

condensation taking place in mesopores and limited uptake over a range of high P/Po. The type 

of hysteresis loop (at φ=1.4) shown in Figure 6.75 is Type H3, which is generally observed with 

aggregates of plate-like particles giving rise to slit-shaped pores. In the case of SCS composition 

with φ=2.78 (Fig.6.75b) the hysteresis loop is much wider than in case of φ=1.4 (Fig.6.75a) 

probably because of difficulty in desorption due to different pore structure, since in this case, 

pores are cylindrical with narrow necks. 

 

(a) 

Figure 6.75: a) Hysteresis curve of a SCS Ni catalyst with φ=1.4. 
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(b) 

Figure 6.75: b) Hysteresis curve of a SCS Ni catalyst φ=2.78. 

Such narrow “bottle neck” pores may be the result of soot oxidation on the surface of the 

catalyst, since the pores on the surface become narrower due to sintering. In such narrow neck 

pores, nitrogen desorption is slow, and so is for maleic acid as well. With such a pore shape, 

adsorption and desorption phenomena are quite difficult to take place, and consequently 

reactions cannot proceed which leads to low catalytic activity for the catalyst (φ=2.78) which 

has relatively high specific surface area (Figure 6.75a).  

The shape of the pores affects heat release during SCS, the cooling rate after SCS and hydrogen 

adsorption-desorption, all of which influence the structure of the catalysts and their activity. 

The pore shape of the catalysts made with φ=2.78 means that heat release is slow and cooling 

rate is low in comparison with the other compositions. The above contribute to more intense 

sintering conditions which results in larger crystallites (Fig.6.74b). It also explains why in the 

catalyst with φ=2.78 there are more mesopores than in case of catalyst with φ=1.4 as shown in 

Figure 6.76a. As a result, the structure of all four synthesized catalysts is highly complicated: 

they display nanopores, mesopores and macropores, but proportion between them is 

different, as illustrated in the example of two of the catalysts in Figure 6.76.  
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(a) 

 

 

(b) 

Figure 6.76: Pore size distribution curves and cumulative pore volume of SCS Ni catalyst a) 

φ=1.4, b) φ=2.78. 

 

Diffusion of the initial hydrogenation components (maleic acid and hydrogen) into the 

catalysts’ pores plays a significant role due to the fact that the hydrogenation reaction of 

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

1 10 100 1,000

C
u

m
u

la
ti

ve
 P

o
re

 V
o

lu
m

e,
 c

m
3 /

g 
ST

P
 

d
V

/d
W

, c
m

3 /
g*

n
m

 

Width, nm 

dV/dW

Cumulative

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0

0.00005

0.0001

0.00015

0.0002

0.00025

0.0003

1 10 100 1,000

C
u

m
u

la
ti

ve
 p

o
re

 v
o

lu
m

e,
 c

m
3 /

g 
ST

P
 

d
V

/d
W

, c
m

3
/g

*n
m

 

Width, nm 

dV/dW

Cumulative



164 
 

maleic acid is in the liquid phase and at relatively low temperature (80oC). For the same 

reason, adsorption of maleic acid and hydrogen is the limiting stage in the liquid phase 

hydrogenation. Figure 6.77 shows the dependence of the catalysts’ activity for hydrogen 

adsorption in the solvent (water) on their specific surface area. 

 

 

Figure 6.77: Influence of glycine concentration (φ ratio) on the hydrogen adsorption on SCS 

nickel catalysts and their catalytic activity. 

The above results show that the concentration of glycine with respect to the amount of nickel 

nitrate in the SCS mixture (i.e. ratio φ) influences the catalyst’s composition, structure, surface 

and activity.  

6.8.6. Microstructural analysis 

The results of TEM and SEM examinations of the Ni nanopowder produced by SCS are shown in 

Figures 6.78 and 6.79, together with EDX analyses of selected structures.  
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Figure 6.78. TEM images of SCS Ni-based nano-powders (φ=1.74) with 75ml distilled water. 

The particle size on the left is several hundred nanometers; while the particle size of the 

powder on the right is only 20-30 nm [TEM analysis performed by Dr. N. Boukos in NCSR 

“Demokritos”]. 
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The images in Figures 6.78 and 6.79 indicate that the nano-structured SCS catalyst has 

hierarchical percolation structure. Moreover, the lines that appear on Figure 6.78 depict the 

atomic planes. 

 

a 

 

 

b 

Figure 6.79. SEM examination and EDX analysis of SCS catalyst (ϕ=2.08) of “wall” of pores (a) 

and of inner surface of pores (b). 
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c 

 
d 

 
e 

Figure 6.79. SEM examination of SCS catalyst (ϕ=2.08). The morphology of the synthesized Ni-

NiO high porosity agglomerates is shown in с, d and e. 
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The TEM images (Figure 6.78) showed that the NiO nanoparticles were highly aggregated. 

The particles were found to be very close to spherical with a homogeneous distribution. 

Figure 6.79a depicts typical aggregates derived by SCS, displaying tight three-dimensional 

flakes tens of micrometers in size. The flakes possess a relatively smooth surface. Inside the 

three-dimensional flake structure fluffy and porous networks consisting of fine nanoparticles 

were observed (Figure 6.79b). 

The aggregates shown in Figure 6.78 were very similar throughout, indicating uniform 

particle shape and size. Their microstructure exhibits uniformly distributed foam-like 

(membrane) structure with a “wall” of about 5-7 μm in thickness (Figure 6.79b). Figure 6.79a 

shows large pores in the sub-mm range, while Figure 6.79b displays the higher magnification 

with sub-μm pores; the constituting NiO particles are not yet visible. We suggest that such high 

amount of porosity is the result of extensive gas release during combustion. According to the 

EDS data in Figure 6.79, the porous “wall” consists mainly of fine porous nanoparticles based 

on Ni and O (Figure 6.79e). 

Figures 6.79e illustrate that the catalyst surface composition is different from the bulk 

composition (Fig.6.69 and 6.79a). The bulk composition for this catalyst is mainly Ni (Fig.6.69) 

with traces of NiO which is also confirmed in the SEM/EDX examination in Figure 6.79a. 

Surface analysis of pores by high resolution SEM (Fig.6.79b and d) show that the surface of the 

pores is covered by NiO (estimated at 55.4-68.1% NiO). This means that during SCS the 

dendrites formed consist mainly of Ni but the surface of the pores is oxidized because of lower 

heat loss, lower rate of cooling after reaction which means there is enough time for oxidation 

inside the pores. The hierarchical order of a structure or a material may be defined as the 

number of levels of scale with recognized structure. Uniform three-dimensional (3D) flowerlike 

Ni-NiO hierarchical architectures assembled from nanosheet building blocks have been 

successfully fabricated via a simple and direct SCS method (Fig.6.79b and d). Hierarchically 

nanoporous catalysts have versatile structural properties such as increased surface area and 

large pore volume that can alleviate diffusional limitations of conventional nanocatalysts with 

solely microporous framework (which is important for liquid phase heterogeneous catalysis). 

Hierarchical structure formation was also confirmed by TEM analysis (Fig.6.78) 

 This kind of structure and composition of the catalysts as shown in Figures 6.79a and 6.79c 

strongly indicate some kind of percolation type of hierarchical structure, where the sponge like 

structures are nickel with NiO on the inner surfaces of pores. 
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It is possible that such a distinctive difference in composition between the body of the pores 

and their surface may result in higher selectivity of these catalysts since the difference in 

microstructure of Ni and NiO plays different roles in the adsorption- desorption process of 

hydrogenation reaction. It therefore appears that SCS offers an efficient route for the 

production of high selectivity three-dimensional percolation network hierarchical structures of 

catalytic nano-composites of metals with metallic oxide coatings. 

6.8.7. Conclusions 

 The catalytic activity of SCS-derived nano-structured Ni-based hydrogenation catalysts 

depend on composition (nickel and nickel oxide), specific surface area, crystal lattice 

spacing and pore size and shape.  

 Thermogravimetric analysis showed that for glycine concentration greater than the 

stoichiometric ratio (φ=2.08) between nickel nitrate and glycine, the decomposition 

product (soot) reacts partially during combustion but most of soot oxidation takes 

place after SCS is completed. This leads to increased sintering and aggregation 

processes, changing the open shape of the pores to “bottle neck”, changing the ratio 

between nano-micro and macro pores and consequently changing adsorption – 

desorption process and catalytic activity.  

 Data obtained from IR high speed camera show that the combustion mechanism 

depends on the glycine concentration – at high glycine concentration there is a 

mechanism change from combustion in volume to combustion in self-propagating 

regime.  

 It was found by temperature profile measurements during SCS that the reactions take 

place mainly within the gel where the concentration of components is higher. In the 

gas phase, above the SCS solution, the exothermic effects detected mainly concern 

hydrogen formation. 

  Uniquely, in sample with φ=2.08 (stoichiometric ratio) two waves occurred during 

combustion: hydrogen formation takes place in first wave followed by reduction of 

nickel oxide in the second wave together with Ni oxidation. This is illustrated by the 

observed minimum of Ni and maximum of NiO in this case. When hydrogen is formed 

in the gas phase, a combustion wave propagates from the top to the bottom of the 

reactor while the second combustion wave is initiated at the bottom (within the gel) – 
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first by reduction of Ni and then by partial Ni oxidation, because of the higher 

temperature developed.  

 The three-dimensional percolation-like network and hierarchical structure of nano-

composites on the basis of metal oxides and metals obtained by combustion in 

solutions provides a distinct possibility of increasing the selectivity and activity of such 

catalysts. 
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7. Nickel nitrate – Aluminium nitrate – reducer system 

After the investigation of nickel nitrate-glycine system, an attempt was made to shed some 

light on a more complicated system. Nickel nitrate and aluminium nitrate were selected, as 

nickel nitrate provides nickel to the final product, while aluminium nitrate produces alumina 

(Al2O3) which is a well-known catalytic support. Furthermore, the synthesis of Ni-Al alloy was 

aimed as well as the study of its potential influence toward the hydrogenation reaction, as 

alloys can act as catalysts. Finally, as the system in study changed, the synthesis of nickel had 

to be tested with different fuels, as the reducer plays a key role to the nickel synthesis, due to 

the fact that it provides the carbon in the sytem during combustion. 

 

7.1. Effect of reducer’s nature on the properties of the resulting powders 

7.1.1. Materials preparation 

Three different fuels (glycine, urea and carbohydrazide) were added in the initial mixture with 

initial concentration: 40%wt nickel nitrate hexahydrate, 60%wt aluminium nitrate 

nonahydrate, 40%wt (of nickel nitrate and aluminium nitrate) fuel and 75ml of water. Each 

solution was pre-heated in a borosilicate glass beaker on a hot plate with mild magnetic 

stirring until the temperature reached 70oC and then placed in a pre-heated furnace at 500oC 

to enable SCS. Once SCS is completed, the beaker is removed from the furnace and allowed to 

cool at room temperature. 

7.1.2. Results and discussion 

The morphology of the final SCS nanopowders is demonstrated on Figure 7.1. 

   

                         a                                                        b                                                    c           

Figure 7.1. Influence of reducer type on the structure of the SCS nanopowders: a) glycine b) 

carbohydrazide c) urea.  
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As it appears on the Figure 7.1 above, the samples with glycine and carbohydrazide are 

crystallized, while the produced nanopowder with urea as fuel is amorphous. The samples 

were analyzed by XRD which provided the diffraction patterns that appear on Figure 7.2 

below. The two unidentified peaks (2θ14.1, 17) that appear on the first pattern below the 20 

degrees are associated with the substrate employed for the XRD measurement, they were not 

taken into account during the analysis and they were not in conflict with any sample peaks. 

 

Figure 7.2. XRD diffraction patterns of Ni-based nanopowders with different fuels (glycine, 

urea and carbohydrazide). 

As it can be observed the as-burnt nanopowders had various phases in their final composition. 

Metallic nickel was produced only with the employment of glycine as fuel. The presence of 

nickel in the final product is fundamental, in order for the nanopowders to operate as 

catalysts. Moreover, in the case of urea, the diffraction pattern indicates that the final product 

is very fine powder with very small crystallites, while carbohydrazide provided the most 

crystallized nanopowder. The equations above describe the total SCS reaction according to the 

detected phases. 
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                    : Carbohydrazide 

                                                             

          
 

 
   : Urea 

                                                           

                          
   

 
    

  

 
   : Glycine 

The temperature profiles of nanomaterials during synthesis were monitored and the results 

are presented on Figure 7.3. 

 

Figure 7.3. Time of combustion as a function of recorded temperature during combustion 

using three different fuels. 

Figure 7.3 illustrates the measured temperature during synthesis for the three organic 

substances. Carbohydrazide is burned slowly and the reached combustion temperature is low 

compared to the other two fuels. Thus, there is a lot of residual carbon that has not been burnt 

during the SCS. This quantity of residual carbon reacts with aluminium oxide and as a result the 

final product is enriched with Ni-Al intermetallics. Urea has an average combustion 

temperature, but it possesses only one carbon atom in its molecule. Due to the high 

combustion temperature it is completely burned out quickly, and thus, there is not enough 

available time for the reduction of alumina and nickel oxide.  
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7.1.3. Conclusions 

Glycine appears to be ideal amongst the examined substances, as it has two carbon atoms in 

its molecule and resulted in the highest combustion temperature providing high enough 

temperature for the soot reduction to take place. The two carbon atoms provide enough 

carbon for the reaction of Ni-Al intermetallics formation through the reduction of alumina and 

nickel oxide from carbon, while the highest combustion temperature provided high enough 

temperature for the reduction to take place. Furthermore, it is possible that in the chosen 

conditions with glycine as fuel, there is an optimum ratio between ammonia and nitric acid 

that react and produce hydrogen that is used for the further reduction of nickel oxide for the 

final synthesis of metallic nickel. 

 

7.2. Solution Combustion Synthesis catalysts based on the Ni-Al system 

The results presented here have been published as: O. Thoda, G. Xanthopoulou, G. 

Vekinis, A. Chroneos, Catalysis Letters, 2018, 148, 764–778. 

7.2.1. Catalysts preparation 

The initial solution used for the SC Synthesis of the materials studied in this work consisted of 

mixtures of nickel nitrate hexahydrate [Ni(NO3)2·6H2O] and aluminium nitrate nonahydrate 

[Al(NO3)3·9H2O] as oxidizers and glycine  as the reducer. Four compositions were studied with 

different concentration of oxidizers in the SCS solution. The concentrations studied were based 

on 20%, 40%, 60% and 80% nickel nitrate monohydrate as a percentage of both oxidizers’ total 

amount. The total solid mass of both oxidizers was 10g and the solid mass of the reducing 

agent was 4g (40wt%). The solid mixture was then dissolved in 75ml of distilled water and each 

solution was pre-heated in a borosilicate glass beaker on a hot plate with mild magnetic 

stirring until the temperature reached 70oC. At that point the beaker is placed in a pre-heated 

furnace at 500oC in air atmosphere and once SCS is completed, the beaker is removed from the 

furnace and allowed to cool at room temperature.  
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7.2.2. Structural analysis 

The development of the various phases in the materials produced by SCS is shown in the XRD 

patterns shown in Figure 7.4. The catalysts shown were made with a solution of various 

concentrations of nickel nitrate and aluminium nitrate, 40% glycine and 75ml of distilled water. 
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Figure 7.4. Development of crystal structure of SCS catalysts (a) and semi-quantitative analysis 

(b) of Ni and NiO on the basis of initial composition of Ni(NO3)2, Al(NO3)3, 40% glycine and 75ml 

distilled H2O. 
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The relative phase composition of Ni and NiO, as determined by the comparative XRD analysis, 

as a function of nickel nitrate concentration in the initial SCS solution are presented in Figure 

7.4b where the variation between Ni/KCl and NiO/KCl are shown together for comparison. The 

products that did not have clear peak in the XRD spectra were not analyzed and are not 

presented. 

Figure 7.4b shows that the maximum nickel content in the SCS products occurs at the position 

of the maximum nickel oxide content when the amount of nickel nitrate concentration is also 

maximum in the initial SCS mixture. As expected, the quantity of both Ni and NiO increases by 

increasing the Ni(NO3)2 initial concentration. 

Each catalyst tested has different phase composition depending upon the ratio between 

Ni(NO3)2 and Al(NO3)3 in the initial SCS mixture. However, cubic Ni and NiO were detected in all 

catalysts studied. These products are the result of the following multi-branch reaction cascade: 
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                                                                                 (xiii) 

                                                                                                               (xiv) [331] 

At the Al2O3 interface: 

                           
 

 
                                                                         (xv)[332] 

At the NiO interface: 

           
 

 
                                                                                          (xvi)[332] 

Generally, a compound’s formation tendency increases with decreasing of Gibb’s free energy. 

Gibb’s free energies of γ-Al2O3 (-211.7 kJ/mol) and NiO (-155 kJ/mol) are lower than those of 

NiAl (-133.0 kJ/mol) and NiAl2O4 (-57.9 kJ/mol). Therefore, the complexity of the multiple 

reactions taking place simultaneously during the combustion, in both gas and aqueous phase, 

complicates the absolute determination of which reaction is favoured and the electrochemical 

studies helped to clarify this. The existence of alumina in the final products composition, which 

is a well-known carrier, suggests that it could act as a carrier for nickel and other active phases. 

Moreover, the role of NiO as a possible carrier for catalysts active phases has been 

investigated in previous chapter. 

SEM images of the microstructure of the SCS catalysts with the corresponding EDX (energy 

dispersive X-ray spectroscopy) spectra are presented in Figures 7.5-7.8. The existence of all 

phases detected in XRD patterns was confirmed and elemental analysis on various areas of the 

examined samples shed light on the catalysts’ co-existing phases. The Au element that is 

shown in all EDX analyses came from the gold-spatter deposition.  
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Figure 7.5. SEM image, EDX and elemental analysis of Ni-Al-O spinels on the basis of initial SCS 

mixture of 20% Ni(NO3)2, 80% Al(NO3)3, 40% glycine and 75ml distilled H2O. 

Figure 7.5 depicts the EDX spectrum of the nanoparticles and gives quantitative information of 

their chemical composition, which confirms the existence of Ni-Al-O spinel in two different 

stages of formation. The Al(NO3)3/Ni(NO3)2 ratio in this sample is close to the calculated 

stoichiometric ratio for the production of NiAl2O4 spinel. This is probably why NiAl2O4 spinel 

was found to be in the highest concentration in this sample, compared to the other samples 

examined.  
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Figure 7.6. SEM image, EDX and elemental analysis of Ni-Al alloy in SCS catalyst on the basis of 

initial SCS mixture 40% Ni(NO3)2, 60% Al(NO3)3, 40% glycine and 75ml distilled H2O. 

The SEM image with the corresponding EDX and quantitative analysis in Figure 7.6 confirms 

the existence of Ni and Al elements with a Ni/Al ratio closer to 1:1 in the sample. This finding is 

consistent to the XRD analysis data and further confirms the formation of NiAl. 

Complementary, the calculated stoichiometry for NiAl synthesis is cited between 1.5 and 0.9 

Al(NO3)3/Ni(NO3)2 ratio and this results in maximum concentration of NiAl in this sample. 
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Figure 7.7. SEM image, EDX and elemental analysis of Ni and Ni-Al-O phases in SCS catalyst on 

the basis of initial SCS mixture 60% Ni(NO3)2, 40% Al(NO3)3, 40% glycine and 75ml distilled H2O. 

In Figure 7.7, two different areas were analysed. The first one was found to be mostly cubic 

nickel with traces of NiO. The second analyzed area is more complicated as it contains Ni, Al, O 

and traces of carbon. In accordance with the quantitative analysis included in Figure 7.7 and 

the sample’s XRD pattern, the second area is possibly a mixture of Ni-Al-O spinel with NiO and 

NiAl. 



181 
 

 

Figure 7.8. SEM image, EDX and elemental analysis of metallic Ni and Ni-Al-O phases in SCS 

catalyst on the basis of initial SCS mixture of 80% Ni(NO3)2, 20% Al(NO3)3, 40% glycine and 75ml 

distilled H2O. 

Finally, Figure 7.8 shows the results of analyses also of two different areas of the analyzed 

sample. The first area examined by EDX showed that there is a mixture of oxides (NiO & γ-

Al2O3) co-existing with non-stoichiometric Ni-Al-O spinel. The rapid cooling after synthesis 

doesn’t provide enough time for the spinel to form. This is caused by the large amounts of 

gases (N2, NO, NO2, CO, CO2, H2) that are generated during SCS from the reactions ii, iii, iv, v, 

viii, ix, xii, xiii and xiv especially in this case. 

The concentration of carbon monoxide in gaseous products during glycine’s combustion and 

during Solution Combustion Synthesis in the Ni-Al system is presented in Figure 7.9 below. 
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Figure 7.9. CO concentration in gas products measured during glycine combustion & SCS of Ni-

Al system [initial composition: 60% Ni(NO3)2, 40% Al(NO3)3, 40% glycine, 75ml H2O]. 

As shown in Figure 7.9 there is a delay in Ni-Al system’s start up point, due to the many 

reactions that take place simultaneously compared to glycine’s combustion. In the Ni-Al 

system, glycine participates in both its oxidation and in the reactions with the nitrates. Glycine 

is only partially oxidized until the local maximum on Ni-Al system’s curve. During the 

decomposition of nitrates there is no oxygen diffusion in the reaction zone due to intensive gas 

formation and that results in carbon formation, which is yielded from the point that the curve 

exhibits the local maximum until the local minimum. Once the nitrates’ decomposition is 

finished, the oxygen diffusion increases significantly. Thus, the formed carbon is able to oxidize 

and that results in curve increasing after its drop. Moreover, after the local minimum, the 

reaction (xiv) contributes to the Ni-Al curve’s increase, as it synthesizes carbon monoxide as a 

gas product. 

Bragg’s and Scherrer’s formulas for XRD were used to determine the crystal lattice spacing and 

crystallite size of Ni and NiO which are shown in Figure 7.10 against SCS initial composition. 
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(a) 

 
(b) 

Figure 7.10. Influence of the concentration of reactants in initial SCS solution on Ni & NiO (a) 

crystal lattice spacing and (b) crystallites size. 

As can it be observed in Figure 7.10a, increasing the concentration of nickel nitrate in the initial 

SCS solution results in small changes in Ni and NiO crystal lattice spacing, which reflect the 

crystallite nucleation conditions that are present in each case. During heating, the nitrate and 

glycine transient structures that are formed in the liquid phase before SCS initiates, change 

which results in different structures of Ni and NiO in the final product. There is a maximum for 

Ni crystal lattice spacing where aluminium nitrate to nickel nitrate ratio equals to 1.5 (that 

corresponds to 40% of nickel nitrate in the initial SCS mixture), which indicates more organised 

structures and it is the preferable concentration ratio for Ni synthesis.  
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The influence of initial composition on the crystallite size of Ni and NiO is shown in Figure 

7.10b. In general, the smaller the nickel crystallites form during combustion, the better the 

dispersion of the metallic phase on the NiO. At 40% nickel nitrate, where nickel crystallite size 

is minimum, the reaction is violent due to fact that is close to stoichiometry. That increases the 

foaming of the material and thus, the crystallites cannot bond and grow. More than that, the 

increased gas formation prevents the agglomeration and augments the heat release from the 

reaction zone. By the increase of nickel nitrate concentration at 80%, the reaction is slower 

and that provides more time to the nickel particles to agglomerate and their crystallite size to 

grow. In addition, nickel’s melting point is at 1455oC while for nickel oxide is at 1990oC. That 

signifies easier agglomeration of nickel particles and is illustrated by nickel’s higher crystallite 

size value, compared to nickel oxide, at 20% nickel nitrate. The extent of agglomeration of the 

crystallites is very important as it influences the catalysts’ specific surface area which is critical 

for catalytic activity. 

7.2.3. Temperature profiles of catalysts 

Thermal measurements concerning the combustion temperature were occurred and they are 

presented on Figure 7.11.  

 

Figure 7.11. Dependence of SCS Ni-Al catalysts’ combustion temperature as a function of 

reaction time. 
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reactions that take place during Solution Combustion Synthesis as well as the glycine’s (which 

also participates to SCS reactions) combustion raise the combustion temperature. In all curves 

presented on Figure 6.90, three peaks are standing out. The first concerns the glycine’s 

oxidation (reactions xii & xiii), the second peak represents the reduction of nickel oxide to 

produce nickel (reaction x) and the last peak is attributed to the reaction between aluminium 

oxide and Ni for the NiAl formation (reaction xiv). 

7.2.4. Pore analysis and surface area measurements 

Brunauer–Emmett–Teller (BET) analysis was used to perform measurements concerning the 

samples’ pore shape, pore volume and specific surface area. The results are presented in 

Figures 7.12 and 7.13 including the most important - for catalysis - calculated parameters of 

the samples’ nano-particles.  

 

(a) 

Figure 7.12. a) Hysteresis curve on the basis of initial mixture Ni(NO3)2, Al(NO3)3, 40% glycine, 

75ml H2O. 
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(b) 

Figure 7.12. b) BJH adsorption pore volume on the basis of initial mixture Ni(NO3)2, Al(NO3)3, 

40% glycine, 75ml H2O. 

Adsorption-desorption curves obtained by the BET method are shown in Figure 7.12a, where a 

representative example of the hysteresis curve of a SCS catalyst can be seen. It appears to be a 

type V isotherm with type H3 hysteresis loop according to IUPAC classification [302]. Typically, 

type V isotherms are characterized by the uncontrolled formation of the multilayer. It appears 

that the final nano-structrured product consists of aggregates of plate-like particles forming 

slit-like pores. The form of the pores affects heat release during SCS, the cooling rate after SCS, 

hydrogen adsorption-desorption and subsequently the catalysts’ catalytic behaviour. Figure 

7.12b shows the BJH adsorption pore volume for the four samples prepared with different 

ratio between nickel nitrate and aluminium nitrate in the SCS initial mixture. 

According to pore size measurements that are demonstrated on Figure 7.12b, at 40% nickel 

nitrate in the initial SCS solution, the concentration of nanopores is utmost, as for this 

concentration the nickel’s crystallite size is minimum and thus the agglomeration is decreased. 

On the other hand, at the concentration (20% nickel nitrate) close to stoichiometry for the 

spinel NiAl2O4 formation, which is an endothermic reaction, the system’s energy is lower and 

results in low rate formation of the pores. In addition to that, the maximum concentration of 

aluminium nitrate increases the gas formation during combustion synthesis, as it has more 

crystal lattice water than nickel nitrate. For 80% nickel nitrate concentration, the reaction rate 

is lower and so do the gas formation and the water evaporation. In this way, there is more 

time for the pore formation, resulting in maximized total porosity. 
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Figure 7.13 presents specific surface area measurements as a function of the nickel nitrate 

concentration in the initial solution of SCS. Specific surface area shows an increasing trend 

until 60% nickel nitrate concentration where it reaches its maximum value. 

 

Catalyst 
Cumulative Surface Area 

of Pores, SBJH 

Cumulative Pore 

Volume of Pores, VBJH 

Average Pore 

Diameter, dBJH 

20% Ni(NO3)2 32.97 m2/g 0.03 cm3/g 18.3 nm 

40% Ni(NO3)2 38.24 m2/g 0.07 cm3/g 12.5 nm 

60% Ni(NO3)2 43.06 m2/g 0.07 cm3/g 19.35 nm 

80% Ni(NO3)2 25.25 m2/g 0.08 cm3/g 19.25 nm 

Figure 7.13. Influence of initial nickel nitrate in SCS solution on the specific surface area (SSA) 

of Ni – Al catalysts and pore structure parameters of Ni-Al-O nanoparticles. 

The volume of nanopores, total porosity and the system’s temperature are the most important 

factors that affect severely the specific surface area. From 20% to 40% nickel nitrate, the SSA 

increases as at 40% the volume of nanopores is maximum, while at 20% the total porosity as 

well as the volume of nanopores is minimum. Further increase is reached at 60% nickel nitrate, 

as the combustion temperature is the lowest (Fig.7.11). Conversely, at 80% nickel nitrate the 

nickel concentration is the highest, which leads to the conclusion that the reduction of nickel 

oxide to form nickel (reaction x) is favoured. As it is an exothermic reaction, the system’s 

temperature is temporarily increasing leading to the decrease of SSA. 
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7.2.5. Thermogravimetric analysis 

To carry out the temperature-reactions investigation thermogravimetric analysis was used. 

The TG and DTA curves as a function of heating temperature are presented on Figure 7.14. 

 

Figure 7.14. TGA of Ni-Al catalyst on the basis of initial mixture 20% Ni(NO3)2, 80% Al(NO3)3, 

40% glycine, 75ml H2O. Arrows point the positions of decomposition of nitrates (1), 

combustion of glycine (2) and maximum heat release (3) [Dr. A. Steinman conducted the TGA 

measurement in National University of Science and Technology “MISIS”]. 

Thermogravimetric analysis (TGA), presented in Figure 7.14, reveals the temperature regions in 

which the various SCS reactions and phenomena take place. An endothermic effect is evident 

at position 1 which is due to the decomposition of the nitrates. After the completion of 

nitrates decomposition and the loss of all lattice water from nitrates, point 2 signifies the 

initiation of glycine’s combustion. This exothermic reaction provides the system with extra 

energy for the Solution Combustion reactions’ cascade to yield. Point 3 signalizes the 

maximum heat release from the system while, after that point the DTA curve is becoming 

smoother. The ongoing glycine reactions as well as the carbon’s oxidation reaction release 

heat to the system after SCS is over and that result in delay of the sample’s cooling process. 

7.2.6. Catalytic studies 

The catalytic activity of the Ni-based SCS catalysts was tested in liquid-phase hydrogenation of 

maleic acid. The kinetic and conversion curves were obtained until the whole quantity of 

hydrogen (50ml) was consumed. 
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(a) 

 

(b) 

Figure 7.15. Dependence (a) velocity and (b) conversion of maleic acid hydrogenation on initial 

SCS concentration. 

Kinetics curves of the SCS catalysts with different composition in the initial SCS solution are 

presented on Figure 7.15. Catalyst with 40% nickel nitrate in the initial mixture appears to be 

the most active catalyst, while the catalyst with 20% nickel nitrate showed the lowest catalytic 

activity. Conversion curves of the catalysts are shown as well. 

The catalyst with 40% nickel nitrate in the initial solution has the highest rate of maleic acid’s 

conversion to succinic acid. This fact can be easily justified, as the catalyst had the highest 

concentration of NiAl intermetallic compounds (as determined from SEM/EDX analysis), the 
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maximum volume of nanopores (Fig.7.12b) as well as the lowest crystallite size (Fig.7.10). 

Second best catalyst (60% nickel nitrate) had also high concentration of NiAl intermetallic 

compounds and the highest specific surface area (Fig.7.13). The next, in the catalytic activity 

row, catalyst with 80% nickel nitrate in its initial composition has the highest metallic nickel 

concentration (as calculated by the XRD spectrum – Fig.7.4) and the highest total porosity 

(Fig.7.12), but the lowest surface area (Fig.7.13). Finally, the catalyst with the lowest catalytic 

activity and conversion rate (20% nickel nitrate) had the minimum quantity of nickel and nickel 

oxide as calculated and shown on Figure 7.4 and the lowest volume of pores (Fig.7.12b). There 

seems to be a cumulative effect of nickel and NiAl intermetallic compound active phases on 

the activity of SCS catalysts in liquid-phase hydrogenation of maleic acid. NiAl intermetallic 

compounds have shown catalytic activity in hydrogenation processes, thus their presence in 

the SCS final product possibly acts complementary to metallic nickel in the calculated catalytic 

activity.  

The catalysts’ composition and surface area were checked after hydrogenation and no changes 

were observed, due to the very mild conditions of reaction that are employed in our work: 

80oC with water solvent. Under such conditions sintering or reduction processes cannot take 

place. 

 

Figure 7.16. Influence of Ni(NO3)2 concentration on Ni crystal lattice spacing and on the 

catalysts’ activity towards the hydrogenation of maleic acid. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

1.754

1.756

1.758

1.76

1.762

1.764

1.766

20 40 60 80

A
ct

iv
it

y,
 m

l/
gr

*
m

in
 

N
i c

ry
st

al
 la

tt
ic

e
 s

p
ac

in
g 

(d
),

 Å
 

Ni(NO3)2, % 

d Ni

activity



191 
 

 

Figure 7.17. Correlation between Ni crystalllites size and catalysts’ activity. 

Generally, increase of crystal lattice spacing results in high degree of crystallization. The more 

organized the crystal is the higher the activity is and the obtained results that are presented on 

Figure 7.16 appear to support this conclusion. 40% nickel nitrate in the initial mixture seems to 

be the optimum concentration for organized nickel structures. For that concentration the 

produced catalyst showed the highest activity in maleic acid’s hydrogenation. From 60% to 

80% concentration of nickel nitrate, nickel’s crystal lattice spacing does not change, though the 

activity drops due to the specific surface area decrease.  

The dependence of catalysts’ activity in aqueous-phase hydrogenation of maleic acid from 

nickel’s crystallite size is represented as well on Figure 7.17. According to the obtained data, as 

nickel’s crystallite size increases the catalyst’s activity lowers. This can be explained as the 

smaller nickel crystal is, the better the dispersion of the metallic phase gets. In this way, there 

is higher possibility for defect structures to be created, which act as active centres in catalysis. 

Consequently, the best dispersion of nickel happens for the catalyst with 40% nickel nitrate in 

the initial SCS solution and this same catalyst appeared the best catalytic behaviour among the 

tested ones. 
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Figure 7.18. SCS catalysts’ hydrogen surface coating and activity dependence from nickel 

nitrate concentration in the initial mixture [Ni(NO3)2, Al(NO3)3, 40% glycine, 75ml H2O]. 

The percentage of hydrogen surface coating is a crucial parameter for catalytic activity, 

considering the fact that all reactions take place on the catalyst’s surface. As demonstrated on 

Figure 7.18, there is absolute accordance of hydrogen surface coating with the catalytic 

behaviour of the four catalysts tested in liquid-phase hydrogenation of maleic acid. In 

accordance to the above graph, the optimal concentration for the catalyst’s preparation is 40% 

nickel nitrate in the initial SCS mixture. In other words, that nickel’s crystallite size (14.48nm) is 

the optimum value for hydrogen adsorption. Undoubtedly, concentration of NiAl intermetallic 

in the catalyst is of the same importance as nickel’s concentration. 

7.2.7. Conclusions 

Catalyst with 40% nickel nitrate in the initial composition has proved to be the best among 

those tested. This can be attributed to that fact that nickel in this concentration had the higher 

crystal lattice spacing and the minimum crystallite size. Furthermore, BET analysis showed the 

maximum volume of nanopores, the smallest average pore diameter as well as very high total 

porosity and specific surface area for this catalyst.  

In conclusion, catalytically active nano-structured catalysts containing nickel, nickel oxide and 

nickel aluminium alloys were prepared by a novel and rapid one-pot Solution Combustion 

Synthesis method.  The crystallites of Ni and NiO produced are nanosized - Ni less than 130nm 
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and NiO about 20 nm - and their size can be controlled by controlling the SCS combustion 

temperature.  Crystallite size affects the effective specific surface area of the material and 

thereby the catalytic activity.  The method developed also enables the "tuning" of the catalytic 

performance by adjustment of the Ni crystal lattice plane spacing from 1.757 Å to 1.764 Å by 

variation of the composition of the initial SCS mixture and the SCS combustion temperature. 

Catalytic studies of liquid phase hydrogenation of maleic acid using these catalysts showed 

that the degree of catalysts' surface hydrogen coating, which plays a significant role in the 

hydrogenation reaction, can also be regulated by adjusting the synthesis parameters. A 

multistage, cascade-like mechanism of the formation of the Ni-NiAl catalysts was identified 

which indicates that the one-pot SCS method is general and can be utilized for the preparation 

of many different types of metal-alloys nanostructures. Particularly, the synthetic strategy has 

significant potential applications in the preparation other nanocomposite catalysts for 

engineering highly efficient catalysts. 
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8. Study of catalytic coatings on carriers for future industrial application 

8.1. Introduction 

Solution Combustion Synthesis (SCS) is one of the most efficient techniques used to synthesize 

high selectivity catalysts directly at the nanoscale [57], including Ni-based catalysts which are 

widely used in various catalytic processes. Most of the industrial hydrogenation processes use 

supported catalysts, because, on an industrial scale, fixed-bed reactors are generally used for 

these types of reactions in the gas phase. Carriers are employed in situations where high 

demands are placed on the mechanical strength of the catalyst, the active catalytic substance 

must be present in a thin layer or there is a need to conserve valuable catalyst substances. 

One of the prospective methods to prepare nanocatalysts on carrier/substrate is CAFSY 

method. Combustion-assisted flame spraying (“CAFSY”) was recently developed to produce 

catalytically active nickel aluminide coatings on ceramic substrates [298]. The CAFSY process 

showed that combustion synthesis occurs both in-flight as well as on the substrate. 

8.2. In-flight SCS specifications 

In this work, Ni-based catalysts were produced by in-flight SCS during flame spraying, a novel 

method which combines conventional flame spraying and solution combustion synthesis into a 

single step. A fine spray of the aqueous SCS solution is inserted into the flame wherein the 

water is evaporated and the SCS catalyst is synthesized rapidly in the flame. The fine particles 

of nanostructured catalysts are then applied as coating on the MgAl2O4 carrier and penetrate 

very efficiently into all the surface pores.  

 

Figure 8.1. Schematic diagram of flame zones during flame spraying. 
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Four zones are distinguished in the flame (Fig.8.1): 

 Initial SCS solution evaporation 

 Initiation of reactions 

 Completion of reactions 

 Acceleration and impact on the substrate 

The solution nebulizer inserts fine droplets directly into the hot zone of the flame. The water is 

evaporated and the SCS catalyst is synthesized rapidly (few ms) in the flame. The fine particles 

of nanostructured catalysts are accelerated until they impact and penetrate into the spinel 

carrier (substrate). The oxyacetylene flame raises the temperature of the solution significantly 

almost instantaneously which triggers the exothermic SC process within the time available. 

This is significantly different from previously reported in-flight synthesis of catalysts using 

added methane gas to induce reaction [333]. 

The spraying parameters that were applied are:  

 O2/C2H2=1.18 (oxidizing flame) 

 Additional air in the flame=1bar 

 Distance (between the gun and the substrate)=10cm 

 Spraying duration=2min 

 Carrier gas ( the air that flows through the nebulizer)=4bar 

The additional air circulates around the flame and keeps it in a specific diameter and acetylene 

(C2H2) was chosen due to its ability to reach the highest temperature of the flame. 
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Figure 8.2. In-flight SCS on a ceramic substrate. 

8.3. Results and discussion 

In this attempt, nickel-based nanocatalyst was synthesized by in flight Solution Combustion 

Synthesis (SCS) from starting solutions of nickel nitrate Ni(NO3)2·6H2O with  glycine as fuel in 

the ratio of 2:1. In order to facilitate the homogenization 100ml distilled water was added to 

the initial SCS mixture. Flame spraying was carried out by a Sulzer’s Metco Thermospray Gun 

(5P-II) and the solution was inserted into the flame using an adjustable nebuliser. The 

synthesized SCS nano-catalysts were deposited as thin coatings on a ceramic Mg-Al-O  carrier 

previously made by SHS from an initial mixture of 7.41% Al + 8.33% Mg + 39.63% Mg(NO3)2 + 

32.41% Al2O3+ 4.81% MgO + 7.41% H2BO3. [334] 

The nano-structured catalysts were characterised by SEM, EDAX and XRD analysis in order to 

characterise their phase composition and morphology.  
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Figure 8.3. XRD pattern of the substrate (Mg-Al-O) with the deposited SCS-derived 

nanopowder. 

XRD analysis (Fig.8.3) shows that the coatings consist of Ni and NiO phases (the other phases 

shown are from the substrate) which indicates that SCS was completed in-flight. The following 

reactions take place by in-flight SCS in the flame over times of milliseconds: 

                                             
  

 
    

 

 
  (i) 

             
   
→               

     
→                 (ii) 

                                   
 

 
   (iii) 

                                  (iv) 

     
 

 
           (v) 

     
 

 
            (vi) 

            (vii) [335] 

              (viii) [336] 

          
 

 
   (ix) 
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                                         (x) 

                         (xi) 

     
 

 
    

 

 
           (xii) 

              (xiii) 

As it can be observed from the chemical equations above, metallic nickel is synthesized from 

the reduction of nickel oxide reacting with hydrogen, carbon monoxide and carbon. The 

hydrogen is originated from the reaction between the nitric acid (from nitrates decomposition) 

and ammonia (from glycine decomposition). In addition, carbon monoxide and carbon dioxide 

are originated from the combustion of both organic substances (glycine and acetylene). There 

are various reactions that take place in the flame, thus atmospheric microcells are created. 

Consequently, the nature of the flame changes locally, depending upon the nature of the 

reactions that take place. As a result, the localized nature of the flame can change from 

oxidizing to carburizing or even neutral flame. 

 

Figure 8.4. a) SEM photos of the surface of the catalyst and EDX analysis. 
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Figure 8.4. b) SEM photo of the surface of the catalyst and quantitative analysis. 

SEM microstructural examinations of the surface of the coating (Fig.8.4) confirmed the 

presence of NiO and Ni phases. The spherical phases are identified by EDX as phases of 

metallic nickel. Moreover, the as-burnt powder has penetrated into the pores of the employed 

substrate. The pores of the deposited layer are ranging between the micro and the nanoscale, 

some of the observed pores are less than micron (100-1000nm), while the pores of the 

substrate appear to be open, indicating that the deposited powder did not close its pores. 

Thus, even after the flame spraying, the as-synthesized coating consists of nanosized material 

and this method can be considered as new method of production supported catalysts. 

BET analysis was employed to reveal the pore size, morphology and distribution as well as its 

specific surface area. The results of BET analysis using nitrogen as adsorbent are shown in 

Figures 8.5 and 8.6. 

 

Figure 8.5. Hysteresis curve of the in-flight SCS synthesized material. 
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The type V isotherm, presented on Figure 8.5 above, indicates uncontrolled formation of the 

multi-layer followed by capillary condensation [313]. Such structures results because lateral 

interactions between adsorbed molecules are stronger than those between the measured 

product and the adsorbate (nitrogen). A characteristic feature of type V isotherm is its 

hysteresis loop which is associated with capillary condensation taking place in mesopores. 

Based on the hysteresis loops classification, the obtained adsorption-desorption curves are 

ranked as type H3. This indicates that the final nano-structured product consists of aggregates 

of plate-like particles forming slit-like pores. BJH pore analysis was also carried out in the BET 

surface area analyzer and is presented in Figure 5.  

 

Figure 8.6. BJH pore analysis of in-flight SCS Ni-based nano-catalysts. 

The BJH pore size analysis confirms the existence of nano-pores in the SCS Ni-based powder 

which resulted in a measured specific surface area (SSA) of 2.5m2/g. The substrate’s specific 

surface area was measured to be 2m2/g. The produced powder adopted the substrate’s pore 

morphology while there was a 25% increment in the SSA of the resulting supported catalyst 

due to the enhanced SSA of the deposited powder. When the same powder was synthesized 

with the SCS approach, the measured specific surface area was 7.3m2/g and it appears that the 

catalytic powder synthesized by in-flight SCS had also higher SSA, compared to the SSA of the 

substrate. Moreover, it is suggested that, in order to increase the resulting SSA, a substrate 

with a larger SSA should be employed. 

The catalytic activity of the Ni-based SCS catalysts discussed above was tested toward the 

liquid-phase hydrogenation of maleic acid (0.26g of maleic acid for 50ml H2 on 1g of catalyst). 

Conversion curves of the Ni-based catalysts with and without substrate are shown in Figure 
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8.7. In both experiments, the conversion curves were obtained for the first twenty minutes of 

the hydrogenation of maleic acid.  

 

Figure 8.7. The dependence of maleic acid conversion on the SCS catalysts calculated from the 

quantity of absorbed hydrogen. 

The degree of conversion of maleic acid into succinic acid is lower for the catalyst with the 

substrate. This can be originated to the lower quantity of the active phase in the 1g employed 

for the experiment. Furthermore, the concentration of nickel on the catalytic surface is lower 

due to the residuals of the Mg-Al-O and Mg-O phases from the substrate. 

8.4. Summary 

Thus, combustion-assisted flame spraying (“CAFSY”) was used for in-flight solution combustion 

synthesis and developed to produce catalytically active Ni/NiO nanocoatings on ceramic 

substrate. This can be considered as new method of preparation nanocatalysts on carrier for 

industrial application. 
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9. Concluding remarks and future work 

Solution combustion synthesis meets the demands of material science and engineering in 

tailoring and producing a plethora of novel materials with desired composition, structure and 

properties which is a very important issue for synthesis of selective catalysts. It is possible to 

produce high-surface area nanocatalysts and supported catalysts by SCS. This clearly explains 

and justifies the increasing interest in this method of catalyst synthesis worldwide.  

SCS is a very popular experimental process as it is studied in more than 50 countries all over 

the world. On the other hand, there is little information on the literature concerning the 

systematic investigation of the parameters that influence the mechanism of the product 

formation during SCS. As liquid-phase hydrogenation was selected to evaluate the catalysts 

performance, a thorough investigation of those parameters was crucial. 

Liquid-phase hydrogenation was selected as it an extremely sensitive technique for the 

detection of differences in activity that are originated to structural changes of the catalysts. 

Furthermore, there are hydrogenation processes in industry that take place in liquid phase, 

frequently using nickel catalysts. It is also used as a model reaction for the gas-phase 

hydrogenation, as the activity ranking of the catalysts is the same. Last but not least, the 

hydrogenation in the liquid phase is simpler to be performed in the lab scale because it 

requires less time to take place, lower reaction temperatures, no pressure is required and it 

involves lower risk. 

The main aim of the project was to understand the mechanism of reactions during SCS in order 

to produce active catalysts with tailored properties. The SCS parameters that were 

investigated are: 

 The quantity of the oxidizer 

 The quantity of fuel 

 The heating mode 

 The time in furnace after the completion of SCS 

 The preheating temperature 

 The concentration of reactants in the water 

 The pretreatment of the SCS precursor solution 

 The fuel-to-oxidizer ratio 
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 The type of reducer  

 The quantity ratio of two oxidizers: Ni(NO3)2 – Al(NO3)3 

Some of the above mentioned parameters were previously considered to have no influence on 

the composition and the microstructure of the final products. It was found for the first time 

that some of those parameters have a significant influence on the final products properties, 

such as the reactants concentration in the aqueous precursor solution and the pretreatment of 

the initial SCS solution. The initial systems that were employed were nickel nitrate hexahydrate 

and glycine system as well as nickel nitrate hexahydrate, aluminium nitrate nonahydrate and 

glycine system. 

9.1. Nickel nitrate hexahydrate and glycine system 

The relative amount of water in the initial solution for Solution Combustion Synthesis has 

generally been assumed to be of minor significance to the final product. However, in this work 

for the first time it was found that the initial concentration of nitrates in the aqueous solution 

affects the characteristics and properties of Ni-based catalysts. In addition, the relative amount 

of water in the initial aqueous solution appears to have a substantial effect on their catalytic 

activity in maleic acid liquid phase hydrogenation. The underlying mechanism for this effect 

appears to be the prolonged persistence and delayed decomposition of hydrates that form 

during the early preheating stages of SCS. This work shows for the first time, that compounds, 

such as hydrates, which form in solution appear to persist even after all the water has 

evaporated and influence the physico-chemical properties of the products formed during later 

stages. This apparent "memory effect" exists even during the later sintering stages and may 

explain many of the difficulties reported in repeating synthesis results since the strength of the 

initial aqueous solution is generally not taken into consideration during analysis of catalytic 

synthesis. 

The volume of water (that determines the reactants concentration in the initial aqueous 

solution) affects the volume and the structure of the dendrites, as they grow in this space due 

to the fact that the complexes are originated in the water. When water is added in the initial 

SCS mixture 3-dimensional dendrites are formed. On the other hand, without the addition of 

water the resulting dendrites are 2-D with significantly less volume. 

Moreover, the pretreatment of the precursor solution facilitates the formation of hydrates 

(which still exist in the gel phase after the evaporation the water) due to the slow heating and 
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the mild magnetic stirring that is applied in the pretreatment stage. The hydrates participate in 

the exothermic reaction yielding solid product with dendritic structure, as the reaction takes 

place through their complicated structure. Those results are very important not only for those 

who work with SCS, but also for all those who use aqueous solutions of salts to synthesize 

catalysts, such as the impregnation, the precipitation and the sol-gel approaches. 

The dendritic formation influences the microstructure of the final products as well as their 

composition. The form of dendrites affects the way of combustion and as a result the cooling 

time. These factors have a major effect on the composition of catalysts (as the oxidation and 

the reduction processes are affected), porosity (as the time for the formation of the pores 

alters), pore shape (due to changes in the velocity of the generated gases), specific surface 

area (which is affected by the porosity, the pore shape and the crystal lattice parameters) and 

as a result their catalytic performance varies.  

In addition, the experimental results demonstrated that the preheating temperature only 

slightly influences the combustion temperature during SCS. The SCS preheating temperature 

influences the structural formation and the final composition of the nanocomposite metal-

oxide product. Moreover, increasing the SCS preheating temperature leads to a decrease of 

combustion initiation period due to the enhanced heating velocity and an increase of cooling 

time as a result of the additional exothermic reactions taking place at higher temperatures. 

The variations in cooling period provoked changes in the final product composition and 

microstructure, because of the ongoing phase and structural formation during cooling period.  

Furthermore, all the used methods for the product characterization provided valuable 

information. TEM analysis proved that the products are in the nanoscale, while SEM analysis 

showed that the products are in some cases organized in flakes and there are well developed 

structures inside the flakes as well. The three-dimensional percolation-like network and 

hierarchical structure of nano-composites on the basis of metal oxides and metals obtained by 

combustion in solutions provides a distinct possibility of increasing the selectivity and activity 

of such catalysts. EDX revealed different ratio between Ni and O at different points of the 

product. This could be connected to the multi-waved combustion mechanism in the gel. 

Data obtained from IR high speed camera showed that the combustion mechanism depends 

on the glycine concentration – at high glycine concentration there is a mechanism change from 

“in volume combustion” to combustion in “self-propagating” regime. Uniquely, in the sample 
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with stoichiometric ratio between glycine and nickel nitrate, two waves occurred during 

combustion: hydrogen formation takes place in first wave followed by reduction of nickel 

oxide in the second wave together with Ni oxidation. When hydrogen is formed in the gas 

phase, a combustion wave propagates from the top to the bottom of the reactor while the 

second combustion wave is initiated at the bottom (within the gel) – first by reduction of Ni 

and then by partial Ni oxidation, because of the higher temperature developed. 

Dynamic XRD shed light on the small time interval between the formation of nickel and its 

further oxidation to nickel oxide, depending upon the oxygen concentration in the reaction 

environment. The combination of measuring the combustion temperature with thermocouples 

and EDX analysis indicated that the reduction of nickel oxide can also happen with carbon or 

carbon monoxide for the production of nickel. The measurements with RF-IGC demonstrated 

the surface topography of the catalytic active sites and the fact that there are various types of 

active sites that are possibly connected to different processes. 

9.2. Nickel nitrate hexahydrate, aluminium nitrate nonahydrate and glycine system 

Catalytic studies of liquid phase hydrogenation of maleic acid using Ni/Al - based catalysts 

showed that the degree of catalysts' surface hydrogen coating, which plays a significant role in 

the hydrogenation reaction, can also be regulated by adjusting the synthesis parameters. A 

multistage, cascade-like mechanism of the formation of the Ni-NiAl catalysts was identified 

and it is suggested that one-pot SCS method can be utilized for the preparation of many 

different types of metal-alloys nanostructures. Particularly, the synthetic strategy has 

significant potential applications in the preparation other nanocomposite catalysts for 

engineering highly efficient catalysts. 

On the table that follows, all the parameters of SCS that were investigated are presented as 

well as their catalytic performance toward the liquid-phase hydrogenation of maleic acid to 

produce succinic acid. In the cases that the as-synthesized materials were not catalytically 

tested the nickel concentration is mentioned as it is the most major parameter to characterize 

the catalyst. The highlighted conditions are those that were found to be more suitable for 

maximum nickel concentration and those which demonstrated the highest activity and 

conversion towards the liquid-phase hydrogenation of maleic acid. 
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Table 6.1: Table of the synthesis parameters that were investigated and their catalytic 

properties. 
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Changing 
parameter 

Experiments 

Concentration 
of Ni(NO3)2 

3g 6g 
9g 

Max Ni 
concentration 

12g 

Quantity of 
glycine 

50% 
Max Ni 

concentration 
75% 100% 125% 

Heating mode 
Slow heating (25       500C) 

 
Preheated furnace (500C) 

Max Ni concentration 

Time in 
furnace after 

SCS 

0min 
Max Ni 

concentration 
2min 7min 10min 

Preheating 
temperature 

500C 600C 
650C 
Max Ni 

concentration 

700C 
Max Ni 

concentration 

Reactants 
concentration 

in the 
aqueous 
solution 

25ml H2O 50ml H2O 

75ml H2O 
Highest 

conversion 
rate 

100ml H2O 
Highest 
activity 

Pretreatment 
of the 

precursor 
solution 

Pretreated samples 
Highest conversion degree 

No-pretreated samples 

Fuel-to-
oxidizer ratio 

(φ) 

φ=1.4 
-Highest 

conversion 
degree 

-Highest activity 

φ=1.74 
Highest conversion 

rate 
φ=2.08 φ=2.78 
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Nature of fuel Carbohydrazide Urea 
Glycine 

Production of Ni in the final 
product 

Ratio of 
oxidizers 

Ni(NO3)2 – 
Al(NO3)3 

20% Ni(NO3)2 

40% Ni(NO3)2 

-Highest conversion 
rate 

-Highest activity 

60% Ni(NO3)2 80% Ni(NO3)2 

 

9.3. In-flight SCS 

In industry, catalysts on carriers are always employed for cost-efficiency, as only the surface 

participates in the catalytic reaction. Moreover, in the gas-phase hydrogenation supported 

catalysts are necessary in order to be placed inside the catalytic column. For all these reasons, 

an effort was made to place the as-synthesized catalytsts on carriers with a new approach. 
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Combustion-assisted flame spraying (“CAFSY”) was used for in-flight solution combustion 

synthesis and developed to produce catalytically active Ni/NiO nanocoatings on ceramic 

substrate (Mg-Al-O). This can be considered as new method of preparation nanocatalysts on 

carrier for industrial application. 

It is pointed out that the improvements in the performance of SCS catalysts will depend 

critically on the success of understanding the reaction mechanisms. The challenge of obtaining 

tailored SCS catalysts was also highlighted, while suggestions for the suitability of various 

chemical elements that could be employed to reach this goal. There is still a long way to go 

before the many studies of regularities of this process can clarify the underlying issues. It is 

clear that fundamental understanding of mechanisms during self-sustained reactions is of high 

importance. This knowledge will lead in controlling the textural and microstructural properties 

as well as the shape of the SCS-derived products. The broad variety of the applications that SC 

synthesized materials will also be expanded, including the major field of catalysis. 

9.4. Suggestions for further research 

A few suggestions for further research are: 

 To investigate the liquid phase hydrogenation of triple bond compounds in order to study 

the way that the variation of active centers influences the activity of the catalysts. 

Our investigation revealed that SCS-derived catalysts have various types of active cites, 

some of which play a significant role in determining the overall activity of the catalysts. 

The hydrogenation of triple bond is a widely used catalytic reaction in industry (such as 

petrochemical, pharmacological and agrochemical) but its mechanism is more 

complicated than the double bond hydrogenation, as the reaction includes more stages 

and more side reactions that influence the final product of the catalytic reaction as well as 

the byproducts. Classical heterogeneous catalysts were used to hydrogenate multiple 

carbon-carbon bonds which contained noble metals such as Pd, Pt, Ru and Rh, which are 

highly active and selective.[337] It would be very interesting to study the way these active 

sites of SCS Ni-based catalysts influence the mechanism of triple bond hydrogenation and 

the possibility to enhance both activity and selectivity when the active sites alter in terms 

of existence or structure.  

 To study liquid phase oxidation to find out how the studied parameters influence catalytic 

activity in other processes. 
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Liquid phase oxidation finds widespread application in the chemical industry for the 

manufacture of a variety of chemicals ranging from the commodities to fine chemical 

specialties. About half of the overall capacity of oxidation processes take place in the 

liquid phase.[338] Thus, it is important to investigate the activity of the SCS-produced 

catalysts toward the liquid-phase oxidation by varying the synthesis parameters of the 

employed catalysts. Despite the fact that SCS derived catalysts are widely used to catalyze 

oxidation reactions, there are little information in the literature concerning the catalytic 

behavior of Ni-based catalysts synthesized by SCS. This is worth of investigation, as SCS is 

a quick, cost effective and environmentally friendly approach and nickel catalysts are 

cheaper that the noble metals group of catalysts. 

 To study the formation of dendrites in the systems on the basis of metal nitrates other 

than nickel and aluminum nitrate, such as cobalt nitrate, copper nitrate, calcium nitrate, 

magnesium nitrate, etc. 

Dendritic formation was found to play a key role in the composition and the 

microstructure of the final products. It was revealed for the first time that the hydrates 

that form in the early stages of the solution heating, participate in the exothermic 

reaction resulting in solid product with dendritic structure. It would be of great 

significance to expand this novel investigation to other initial systems besides nickel 

nitrate and glycine and test different oxidizers (such as such as cobalt nitrate, copper 

nitrate, calcium nitrate, magnesium nitrate, etc.) researching their reaction mechanism 

with glycine. 

 To further explore In-flight SCS as a new method of preparing supported catalysts and 

study the influence of various processing parameters (C2H4:O2 ratio, spraying distance, 

type of support, etc.). 

In-flight SCS is a new approach to deposit the SCS-derived nanopowders on carriers. In 

industry, catalysts on carriers are usually employed for cost efficiency, thus it is crucial to 

study the influence of various processing parameters (C2H4:O2 ratio, spraying distance, 

type of support, solution composition, etc.) on the resulting supported Ni-based catalysts. 

The aim of this research is to explore the catalytic activity of the as-synthesized supported 

catalysts, how the various processing parameters will influence their catalytic behavior 

towards the liquid-phase hydrogenation and the optimization of this new method to 

maximize their activity and selectivity. 
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