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Abstract. Among the techniques for producing oxide catalysts, the solution combustion 
synthesis (SCS) has been widely used to produce high-quality nanostructured powders at low-
cost. Through SCS, due to the high exothermic energy liberated by the reaction between the 
transition metal nitrate and the fuel, it is possible to homogeneously incorporate dopant ions 
into the catalyst. Besides, SCS allows the production of nanopowders with sizes in the decimal 
scale, which is extremely important for powdered catalysts. The smaller the particle is, the 
larger the surface area is. Based on these possibilities, the aim of this work is to produce Fe-
Mo/MgO nanopowders by SCS. The influence of concentration and composition of the fuels 
glycine and polyethylene glycol (PEG) on the final product were investigated. The morphology 
and the physicochemical properties were characterized by X-ray diffraction (XRD), electron 
microscopy (SEM), granulometry and surface area analysis. The results indicated high 
crystallinity for the samples produced with PEG and a wide variation on the nanoparticles sizes 
depending on the fuel properties. 

1. Introduction 
Along the past few years, nanoscience has become a focus of research in several areas of development 
due to the different material properties evidenced in the nanometer scale [1-7]. For example, some 
materials when nanostructured are exceptionally strong, hard and ductile at high temperatures [8-9]. 
These characteristics are controlled by the size, composition and morphology of the material [10]. 
Among these nanomaterials a group that is attracting great interest is the nanostructured catalysts, 
sized between 1 and 100 nm. Such catalysts have high efficiency, because the surface of the particles 
have greater availability to carry out catalysis [11]. The smaller the particle diameter, the greater the 
number of atoms exposed on the surface. As the diameter, purity and homogeneity of the catalyst are 
of fundamental importance for the yield of the reactions in which it is employed [10]. Mo-Fe/MgO 
spinel is an excellent catalyst for multiwall carbon nanotubes production [11]. 
 SCS technique has been increasingly applied in the production of oxides catalysts due to the 
possibility to produce, at low-cost, highly pure and homogeneous nanostructured powders. SCS 
consists basically of the combination of its reactants in an aqueous medium using a complexing agent 
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(fuel) [12] such as citric acid [13,14] ; oxalic acid; tetraformol trisazine [12], glycine [4], urea [15], 
among others, and oxidizing agents (usually metal nitrates), responsible for oxidizing the fuel. The 
mixture is heated between 150 °C and 500 °C  in order to carry out a self-ignition that leads to a fast 
combustion reaction that can reach more than 1700 °C [16] forming at the end of the process a solid 
product usually crystalline and well dispersed [17].  
 The high exotherm resulting from the reaction between the transition metal nitrate and fuel allow 
the incorporation of dopant ions in the catalyst [18]. The distribution of dopants throughout the host 
material is uniform because of the atomic mixing of the reactants in the initial solution. The dopants 
may drastically alter the properties of the catalyst even if the concentration in the crystalline structure 
is very low (1-3% atom) [12]. The easily incorporation of dopant ions is important for the production 
of structures such as Fe-Mo/MgO, where MgO is the host for Fe and Mo catalyst ions. Fe-Mo/MgO is 
an important catalyst for the production of single and multiwall carbon nanotubes. The synthesis 
parameters strongly affect the produced catalyst activity [19]. 
 The stoichiometry of a combustion reaction is calculated through the chemistry of propellants [20] 
and it is generally expressed in terms of the equivalence ratio (Ø). An equivalence ratio of 1 signifies a 
stoichiometrically balanced combustion reaction, where the oxidizing power of the metal nitrates is 
equal to the reducing valence of the fuel. Positive departure (Ø>1) of the equivalence ratio signifies 
fuel-lean compositions, whereas negative departure (Ø<1) denotes fuel-rich compositions. Different 
products can be formed by varying the reducing potential of the precursor solution [21]. Furthermore, 
properties such as particle size, shape, morphology and agglomeration are directly influenced by the 
combustion conditions [22. 23]. 
 Therefore, in this paper, in order to formulate the optimal methodology for preparing 
nanostructured oxides for catalysis, we studied the relationship of fuel-oxidant concentration, and the 
use of glycine and polyethylene glycol with molecular weight 200 (PEG) as fuel in the SCS of Fe-
Mo/MgO nanopowder catalyst. 
 
2. Materials and Methods 

2.1. Synthesis of Fe-Mo/MgO 
In order to produce Fe-Mo/MgO by SCS, iron nitrate nonahydrate (Fe(NO3)3.9H2O), ammonium 
heptamolybdate tetrahydrate ((NH4)6Mo7O24.4H2O) and magnesium nitrate hexahydrate 
(Mg(NO3)2.6H2O) were used as ions precursors and oxidizing agents. The syntheses efficiency was 
studied varying the concentration of glycine (C2H5NO2) and PEG 200 (H(HOCH2CH2)nOH) as fuel. 
All precursors were acquired from Sigma-Aldrich. The precursors concentration and the 
stoichiometric correlation for both fuels are indicated by Equations 1 and 2:  

0.96 Fe(NO3)3.9H2O + 0.004 (NH4)6Mo7O24.4H2O + Mg(NO3)2.6H2O + 2.615 C2H5NO2 (1)

0.96 Fe(NO3)3.9H2O + 0.004 (NH4)6Mo7O24.4H2O + Mg(NO3)2.6H2O + 1.76 H(HOCH2CH2)nOH (2)

 Briefly explaining, through the propellants chemistry, the stoichiometric correlation between fuel-
oxidizer is reached with the valences neutralization. N is considered neutral, while for the equations 
above, Fe presents a valence of +3, Mg of +2, Mo of +6, H of +1, O of -2 and C of -4. The fuel-
oxidizer correlation is given by the equivalence ratio Ø, equation 3: 

Ø = Oxidizer / Fuel (3)

 When the sum of the oxidizer valences is equal to the sum of the fuel valences, the combustion 
reaction is considered stoichiometric (Ø = 1). Ø > 1 signifies fuel-lean compositions while (Ø<1) 
means fuel-rich compositions. Based on the stoichiometric combustions, rich and lean compositions 
were formulated in order to verify the influence of the fuel composition and concentration on the 
product. The samples were divided in glycine and PEG 200 groups and are described in Table 1: 
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Table 1. Composition and concentration of the fuels used to produce Fe-Mo/MgO by SCS. 

Sample Fuel Ø Description Concentration (mol) 
G1 
G2 
G3 

Glycine 
0.66 

1 
2 

Rich 
Stoichiometric 

Lean 

3.975 
2.615 

1.3 
P1 
P2 
P3 

 
PEG 

 

0.665 
1 

1.995 

Rich 
Stoichiometric 

Lean 

0.855 
0.57 
0.285 

 
 The salts and fuels were individually dissolved in distilled water and then mixed (first the salts and 
then the specific fuel was added) in order to avoid precipitation during the solubilization processes. 
The solution was heated at 60°C during 5 min under constant stirring. This methodology was applied 
for all samples. After complete mixing, the samples were inserted in a 400 °C pre-heated electric 
muffle furnace during 15 minutes in order to undergo self-ignition. The samples were then calcined at 
1100 °C in order to burn the carbonic residues and to organize the crystalline structure of the 
powdered product. 

2.2. Characterization 
The crystallinity of the samples was evaluated by X-ray diffraction (XRD) using a PHILIPS 
diffractometer (model X'Pert MPD) at 40 kV and 40 mA using a Cu anode. The particles surface area 
was obtained by the nitrogen adsorption method (BET - Quanta Chrome, Nova- 1000 model). As well 
the catalyst granulometric distribution was measured using a laser diffraction method in a Cilas-180L. 
the morphology of the Fe-Mo/MgO nanoparticles was characterized by scanning electron microscopy 
(SEM) using a JEOL microscope (JSM 6060) with a maximum operating voltage of 30 kV and a 
nominal resolution of 3.5 nm. The applied voltage was 10 to 20 kV. Transmission electron microscopy 
(TEM) was also carried out using a JEOL microscope (JEM 1200 EXII model) operating between 80 
and 100 kV with a point resolution of 0.45 nm and line resolution of 0.20 nm. The powder sample was 
placed on a Cu grid and coated with a carbon film, to avoid magnetic interactions with the TEM 
microscope. 
 
3. Results and discussion 
According to diffractogram (figure 1), all samples produced using PEG present the characteristic 
peaks for periclase (MgO JCPDF # 00-001-1235, cubic Fm-3m) indicating the formation of MgO as 
host for Fe and Mo in the structure of Fe-Mo/MgO. It is possible to also observe a second phase that 
might be related to the formation of iron oxide. Interestingly, the fuel-lean combustion presented the 
purest composition among the PEG produced samples. The fuel concentration has a direct influence 
on the second phase formation; higher concentration leads to an ignition that reaches elevated 
temperature in really short time. The fast precipitation (crystallization) of the sample tends to produce 
nonstoichiometric or also heterogeneous samples, composed by more than one phase [24, 25]. The 
powders produced with glycine, did not presented the formation of the desired phases, indicating 
mostly the presence of amorphous phase. Since glycine did not show favourable results to produce Fe-
Mo/MgO, the following analyses were performed only for PEG samples. 
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Figure 1. Samples diffractogram correlating the crystalline structure and SCS fuel concentration and 
composition. The peaks [111], [200] and [220] belong to periclase (MgO JCPDF # 00-001-1235, cubic 
Fm-3m). 
 
 Through the PEG micrograph is possible to observe that the particles morphology and diameter are 
very similar to all samples corroborating with the XRD analyses that also indicated a similar degree of 
crystallinity between samples. The elevated grain size (2 μm) might me related to the nanoparticles 
agglomeration tendency, leading to the formation of large grains, as observed in figure 2a, b and c. 
 

 

Figure 2. PEG samples SEM micrograph: a) P1, b) P2 e c) P3. 
 

 The granulometric results (figure 3) indicated different grain sizes for each composition. However, 
all samples are manly composed by large grains. The elevated diameters are in accordance with the 
micrograph analysis, indicating also here the agglomeration of nanoparticles. This phenomenon occurs 
guided by forces such as Van der Waals in direction to a lower energy state, reducing the interfaces 
with the environment [4].  
 Sample P2 presented the major concentration of nanoparticles (under 1 µm). Both samples P2 and 
P3 showed particles with a maximum size under 100 µm, while 30% of P1 is formed of particles 
around 100 and 1000 µm. P1 has the most agglomerated particles while P2 presented the higher 
dispersion, also indicated by the 20% of nanoparticles in the sample. To correctly analyze these results 
is important to considerate that no process of ultrasonification, sifting or milling was applied to the 
final product. 
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Figure 3. PEG samples granulometry. 
 

 Table 2 shows the surface area of the samples P1, P2 and P3. P3 presented the highest surface area 
among the samples: 29,712 m²/g followed by the stoichiometric sample P2 (27,757 m²/g). Indicating a 
higher degree of dispersion and also corroborating with the agglomeration theory discussed above. 
The smallest surface area was found for sample P1(10,3 m²/g) and is in accordance to the 
granulometry results that indicated the largest grains for this sample. The smaller the grains, the higher 
the surface area. 

Table 2. Surface area of the samples P1, P2 and P3 

Sample Superficial Area (m²/g) 
P1 
P2 
P3 

10.292 
27.757 
29.712 

  
 Analyzing the table 2 is possible to infer that for the stoichiometric composition s not always the 
best choice for the production of nanostructured catalysts by SCS. The surface area is strongly 
dependent of the synthesis parameters, and the fuel concentration and composition directly alter the 
temperature, velocity and also the chemical composition during the crystal formation [4]. The 
influence of the fuel was also well observed through the XRD, granulometry and SEM analyses. 
 
4. Conclusions 
Nanostructured oxide catalysts were successfully obtained through the SCS method using PEG as fuel. 
The XRD analysis indicated that glycine was not efficient for the production of Fe-Me/MgO, 
presenting mostly an amorphous phase. All samples prepared with PEG showed elevated crystallinity 
and through the BET, granulometry and SEM analyses was possible to observe that the concentration 
of fuel strongly influences the properties of the final product. We conclude that not necessarily the 
stoichiometric formulation will be the best path to produce nanomaterials. For each final product, the 
precursors and fuels composition should be individually studied in order to choose the best 
combination of oxidizer/fuel composition and concentration. In the case of Fe-Mo/MgO catalyst, the 
best formulation was the PEG fuel-lean that presented the largest surface area among the samples. 
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