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Nanosized MnFe2O4 has important applications such as magnetic recording devices, ferrofluids, biosensors, catalysts, 

guided transport and delivery of drugs in the body and others. The possibilities to obtain nanosized MnFe2O4 using the 

method of solution combustion synthesis are studied in this work. Two systems with mixed fuels in various ratios, namely 

glycine-glycerol and sucrose-urea are studied. The obtained products are thermally treated at various temperatures and in 

various atmospheres (air, argon) to find optimal conditions for obtaining single phase nano-sized MnFe2O4. Samples were 

studied by the methods of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), low-temperature nitrogen 

adsorption (BET), and Mössbauer spectroscopy. Samples obtained by using pure hydrocarbons or mixtures with high 

content of hydrocarbons show superparamagnetic behavior due to the small size of the crystallites while samples obtained 

with high content of nitrogen containing fuels show magnetic ordering. It was shown that smaller particles obtained at 

low temperatures of thermal treatment demonstrate higher strain. Thermal treatment at higher temperatures leads to 

decrease of the strain without significant change of the size of the crystallites.  
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INTRODUCTION 

Nanoscale and nanostructured materials are 

among the most important priorities of modern 

materials science. In recent years, various 

technological applications based on nano-sized 

ferrite materials were developed using of their 

unique magnetic, electrical and optical properties. 

An important representative of the ferrite family is 

MnFe2O4. It is well known that it is partially inverse 

spinel, in which about 20% of Mn2+ ions occupy 

octahedral sites (B) and 80% of them are located in 

tetrahedra (A). Cation distribution in spinels is very 

important and directly affects its physical properties 

[1, 2]. In recent years nano-sized MnFe2O4 has 

received increasing research interest because of its 

remarkable magnetic properties (low coercivity, 

moderate magnetization) combined with good 

chemical resistance, high permeability and 

mechanical strength [3]. The high density of 

MnFe2O4 underlies its technological applications as 

core materials for coils, transformers, information 

and communication devices and others [4]. 

Nanoscale MnFe2O4 is interesting for other practical 

applications, namely as contrast agent for magnetic 

resonance imaging, magnetic drug delivery for 

cancer treatment by hyperthermia and others [5 - 7]. 

Another important application of nano-sized 

MnFe2O4 in the last decade is the removal of heavy 

metals and a variety of toxic organic pollutants from 

waste water [8, 9]. The use of nano-sized manganese 

ferrite as a sensor for monitoring the environment is 

based on its high specific surface area. The same fact 

lies at the basis of the use of this material as a catalyst 

[10, 11] and as electrode material in asymmetric 

supercapacitors [12, 13]. Physical and chemical 

properties of MnFe2O4 are strongly dependent on its 

structural and micro-structural characteristics that 

are directly related to and can be controlled during 

the synthesis process [14]. Various methods for 

preparing nano-sized MnFe2O4 have been 

developed, such as sol-gel [15], co-precipitation 

[16], hydrothermal method [17], solid state reaction 

[18, 19], thermal decomposition [20], solution 

combustion synthesis [21, 22], mechanochemical 

reaction [23], etc. Among them solution combustion 

synthesis is considered as very appropriate for 

preparation of nano-sized materials due to the fact 

that this method is simple, fast, versatile, and cost-

effective [24]. In our previous study concerning the 

preparation of nano-sized NiFe2O4 using the solution 
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combustion method was found that the type of the 

fuel component has an influence both on structural 

characteristics (cation distribution) and on the 

morphological characteristics (size and shape of the 

particles, aggregation ability, etc.) [25]. The aim of 

this work was to study the influence of mixing of 

different types of fuel (nitrogen-containing and 

hydrocarbons) at different ratios in the systems of 

fuels: sucrose-urea and glycine-glycerol for 

preparing a single phase MnFe2O4 and to study the 

influence of mixing of different types of fuels on 

structural and morphological characteristics of the 

obtained powders. 

MATERIALS AND METHODS 

The method of solution combustion synthesis 

was used to obtain nano-sized MnFe2O4. Metal 

nitrates (oxidizers) and fuels sucrose, urea, glycine, 

and glycerol in various ratios were used. The ratio of 

the amounts of oxidant and fuel was based on the 

proposed by Jain et al theory [26]. Stoichiometric 

amounts of the starting reagents were dissolved in an 

appropriate amount of deionized water. The 

resulting solutions were heated on a magnetic stirrer. 

Initially, the solution was dehydrated, and then the 

residue reaches its point of ignition and ignites. The 

obtained powders were then thermally treated at 

various temperatures from 400 to 700oC for one hour 

in a different atmosphere (air, argon). Structural 

characteristics of all samples were studied with 

powder X-ray diffractometer Bruker D8 Advance 

with Cu-Kɑ radiation and LynxEye detector. Powder 

diffraction patterns were collected in the range from 

10 to 90 deg. 2θ with a step 0.03 deg. 2θ rotating the 

sample with 15 rpm. Phase analysis was performed 

with the software package Diffracplus EVA using 

the database ICDD-PDF2 (2014). The unit cell 

parameters and mean crystallite sizes were 

determined with the program Topas - 4.2 [27]. The 

specific surface areas (SSA) was determined by low 

temperature nitrogen adsorption (BET) method in an 

equipment Quantachrome Instruments NOVA 

1200e (USA). The particle size and morphology 

were studied by a transmission electron microscopy 

(TEM) with a TEM JEOL 2100 at 200 kV. The XPS 

measurements were carried out in the analysis 

chamber of the electron spectrometer Escalab-MkII 

(VG Scientific) with a base pressure of ~5 x 10-8 Pa. 

The C1s, O1s, Mn2p, Fe2p and Mn3s photoelectron 

lines were evaluated by using the normalized 

photoelectron intensities [28]. Mössbauer spectra 

were recorded on electromechanical spectrometer 

(Wissenschaftliche Elektronik GMBN, Germany) 

operating under constant acceleration at room 

temperature. As a source 57Co/Cr was used 

(Activity >50 mCi).  The standard material was α-

Fe. The spectra were processed using a program 

based on the least squares method.   

RESULTS AND DISCUSSION 

The possibilities for obtaining nano-sized 

MnFe2O4 were studied when as a fuel were used 

mixture of sucrose-urea or glycin-glycerol in various 

ratios, namely: 1:0, 0.75:0.25; 0.5:0.5, 0.25:0.75 and 

0:1. All samples were thermally treated for one hour 

at a temperature ranging between 400 and 700oC in 

air and in argon atmosphere. The obtained materials 

were analyzed by powder X-Ray diffraction. Table 

1 and Table 2 show the results for phase composition 

of these samples. As can be seen from Table 1 

single-phase product was obtained when using only 

sucrose as a fuel and for the sucrose-urea fuel 

mixtures, for fuel compositions with higher sucrose 

content. Preparation of single-phase product using 

urea as a fuel was not observed. In the second fuel 

system, the formation of single phase nano-sized 

MnFe2O4 was observed when using glycerol as fuel 

and for fuel compositions with higher glycerol 

content. Formation of single phase MnFe2O4 using 

only glycine as a fuel was not observed. In all the 

samples thermally treated at a temperatures above 

600oC in both atmospheres (air, argon) a 

decomposition of the spinel phase to the individual 

oxides (Fe2O3-hematite and Mn2O3-bixbite) was 

observed. It deserves commenting that samples 

prepared with high content of nitrogen-containing 

fuels show impurity phase of oxides of divalent ions 

(Fe2+, Mn2+) which indicates that synthesis reaction 

proceeds at high temperatures and with the release 

of gases that promote the reduction of metal ions. 

These observations leads to the conclusion that 

single-phase nano-sized MnFe2O4 can be 

synthesized using either pure hydrocarbons (sucrose, 

glycerol) as a fuel or having fuel mixtures with high 

content of hydrocarbons. 

From the data presented in Table 1 and Table 2 it 

may be concluded that single phase spinel product 

can be obtained at temperatures below 600oC from 

fuel mixtures containing high content of 

hydrocarbons. In Fig. 1 (a-d) are presented powder 

diffraction patterns of some MnFe2O4 synthesized 

using a mixture of fuels (a, b) sucrose-urea, (c, d) 

glycine-glycerol. All diffraction lines can be indexed 

within the cubic Space group Fd-3m.  
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Fig. 1. XRD patterns of nanosized MnFe2O4 synthesized by (a) sucrose-urea 0.75:0.25 at 500°C, (b) sucrose-urea 0.25: 

0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar). 

Table 1. Phase composition of samples synthesized with mixture of sucrose and urea at different ratios, thermally 

treated at 400 to 700°C in Air and Argon atmosphere. Identified phases were manganese ferrite spinel-MnFe2O4, 

bixbite-Mn2O3, hematite-Fe2O3 and wustite (Fe,Mn)O. 

Air  Argon 

Fuel/Temperature Identified phases Fuel/Temperature Identified phases  

sucrose   sucrose   

400оС spinel 400оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС spinel +wustite 

700 оС bixbite + hematite  700 оС spinel +wustite 

sucrose and urea 

0.75:0.25 

 sucrose and urea 

0.75:0.25 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС  spinel + bixbite +hematite  

700 оС bixbite + hematite  700 оС Traces of  spinel + bixbite + 

hematite  

 sucrose and urea 

0.5:0.5 

  sucrose and urea 

0.5:0.5 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС spinel + hematite 

700 оС bixbite + hematite  700 оС spinel + bixbite + hematite  

sucrose and urea   

0.25:0.75 

 sucrose and urea   

0.25:0.75 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of  spinel + hematite  

700 оС bixbite + hematite  700 оС traces of  spinel + bixbite + 

hematite  

urea  urea  

400 оС spinel + bixbite  400 оС spinel 

500 оС spinel +  bixbite + hematite  500 оС spinel +  hematite  

600 оС bixbite + hematite  600 оС spinel +  hematite  

700 оС bixbite + hematite 700 оС spinel +  hematite  
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Table 2. Phase composition of samples synthesized with mixture of glycine and glycerol at different ratios, thermally 

treated at 400 to 700°C in Air and Argon atmosphere. Identified phases were manganese ferrite spinel-MnFe2O4, 

bixbite-Mn2O3, hematite-Fe2O3 and wustite (Fe,Mn)O. 

Air Argon 

 Fuel/Temperature  Identified phases  Fuel/Temperature Identified phases  

glycine  glycine  

400оС spinel + wustite 400оС spinel + wustite 

500 оС traces of  spinel+ bixbite+ 

hematite  

500 оС spinel +wustite  

600 оС traces of  spinel +bixbite + 

hematite  

600 оС spinel + hematite 

700 оС bixbite + hematite  700 оС spinel + hematite 

glycine and glycerol 

0.75:0.25 

 glycine and glycerol 

0.75:0.25 

 

400 оС three unknoun spinels 400 оС spinel 

500 оС three unknoun spinels 500 оС spinel+ hematite + 

maghemite 

600 оС bixbite + hematite  600 оС traces of spinel+ bixbite + 

hematite  

700 оС bixbite + hematite  700 оС traces of spinel +bixbite + 

hematite  

glycine and glycerol 

0.5:0.5 

 glycine and glycerol 

0.5:0.5 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel + hematite  

600 оС bixbite + hematite  600 оС traces of spinel+  bixbite + 

hematite  

700 оС bixbite + hematite  700 оС traces of spinel bixbite + 

hematite  

glycine and glycerol 

0.25:0.75 

 glycine and glycerol 

0.25:0.75 

 

400 оС spinel 400 оС spinel 

500 оС spinel 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of spinel+ bixbite + 

hematite  

700 оС bixbite  + hematite  700 оС traces of spinel+ bixbite + 

hematite  

glycerol  glycerol  

400 оС spinel 400 оС spinel 

500 оС spinel + traces of  hematite 500 оС spinel 

600 оС bixbite + hematite  600 оС traces of spinel+   bixbite + 

hematite  

700 оС bixbite + hematite  700 оС traces of spinel + bixbite + 

hematite  

 

Diffraction patterns indicate the formation of single-

phase spinels, but also reveal that materials, obtained 

with different fuel mixture differ strongly by their 

mean crystallite size and unit cell parameters. This 

fact indicates that the mixture of fuels produces 

different synthesis conditions thus leading to the 

production of materials with different structural and 

morphological characteristics. 

A significant difference in particles morphology 

can be seen from the TEM-photographs of the 

materials synthesized with the use of different fuel 

mixtures. Fig. 2 represents the TEM images of 

MnFe2O4 synthesized using a mixture of sucrose-

urea (a, b) and glycine-glycerol (c, d) fuels. TEM 

images show poorly shaped particles with an average 

size smaller than 10 nm for the materials obtained 

with the use fuel mixture of sucrose-urea and 

glycine-glycerol with high hydrocarbons content. 

The exception is the sample from glycine-glycerol 

fuel system with high content of glycine (Fig. 2c), 

where the average size is about 50 nm. 
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Fig. 2. TEM image of nano-sized MnFe2O4 synthesized by using a mixture of fuels: (a) sucrose-urea 0.75:0.25 at 

500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 

0.25:0.75 at 500°C (Ar). 

Table 3. Structural parameters determined by XRD analysis of nano-sized MnFe2O4 synthesized by using mixture of 

sucrose and urea fuels in different ratio and thermally treated in Air or Argon atmosphere. 

fuel 
temperature 

оС 

unit cell 

parameter 

(Å) 

mean 

crystallite 

size, nm 

SSA,m2/g / 

mean size 

derived from 

BET, nm 

Strain x10-4 

sucrose 
400 оС 8.35 5.7  69.17 

500 оС 8.34 6.4 88/12.7 56.82 

sucrose and urea 0.75:0,25 
400 оС 8.35 6.9  52.46 

500 оС 8.379 19.1 85/13.15 13.96 

sucrose and urea 0,5:0,5 
400оС 8.38 15.8 44 /25.4 18.94 

500оС 8.379 20.04 39/28.66 16.32 

sucrose and urea 0.25:0.75 
400оС 8.38 20.57  17.99 

500оС 8.352 6.6 40/27.9 44.92 

sucrose  

(Argon) 

400оС 8.439 5.9 85/13.15 51.39 

500оС 8.5142 14.2 44/25.4 25.76 

sucrose and urea 0.75:0.25 

(Argon) 

400оС 8.387 6.8  44.83 

500оС 8.401 7.8 98/11.5 37.07 

sucrose and urea 0.5:0.5  

(Argon) 

400оС 8.500 13.3  15.06 

500оС 8.499 26.1 54/20.7 33.97 

sucrose and urea 0.25:0.75 

(Argon) 

400оС 8.456 7.2  30.7 

500оС 8.461 6.8 82/13.63 61.3 

Table 4. Structural parameters determined by XRD analysis of nanosized MnFe2O4 synthesized by using mixture of 
glycine and glycerol fuels in different ratio and thermally treated in air or argon atmosphere. 

fuel 
temperature 

оС 

unit cell 

parameter 

Å 

mean 

crystallite 

size, nm 

SSA,m2/g / 

mean size 

derived from 

BET, nm 

Strain x10-4 

glycine and glycerol 0.5:0.5 
400 оС 8.37 11  19.33 

500 оС 8.38 12  11.44 

glycine and glycerol 0.25:0.75 
400 оС 8.37 12  8.06 

500 оС 8.38 15 60 /18.63 7.85 

glycerol 400оС 8.37 11  13.03 

glycine and glycerol 0.75:0.25 

(Argon) 
400оС 8.4208 59 11/102 6.04 

glycine and glycerol 0.5:0.5 

(Argon) 
400оС 8.38 10  36.19 

glycine and glycerol   0.25:0.75 

(Argon) 

400оС 8.45 9.7 96/11.64 37.42 

500оС 8.41 10.4 86/13 11.52 

Glycerol 

(Argon) 

400оС 8.44 13  45.32 

500оС 8.40 13  13.05 
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Table 3 and Table 4 show the unit cell 

parameters, mean coherent domain sizes and 

microstrains for all single-phase samples, and 

for some of them the specific surface areas. 

Samples obtained from both fuel systems and 

thermally treated in argon atmosphere show 

spinel phase with higher unit cell parameters 

and higher specific surface areas than those 

thermally treated in air atmosphere.  At the 

same time the mean crystallite domain sizes of 

the samples treated in different atmospheres 

show similar values. 

The data presented in Table 3 and Table 4 

show correlation between unit cell parameters, 

mean crystallite sizes and residual microstrains. 

In general, samples with small unit cell 

parameters have also small mean crystallite size 

and high values of lattice strain. Thermal 

treatment at higher temperatures leads to 

decrease of the strain without significant change 

of the size of the crystallites. The differences in 

unit cell parameters can be due to differences of 

oxidation state of cations, as well as to different 

cation distributions into two cation sublattices 

in the spinel structure (tetrahedral and 

octahedral). 

 The Mn2p and Fe2p photoelectron lines are 

shown on Fig. 3. The Mn2p3/2 binding energy 

value of 642.0 eV is slightly higher than 

expected for Mn2+ i.e. 641.3 eV [29, 30]. In 

addition, the absence of satellite at ~ 647 eV is 

an indication for the possible presence of Mn in 

oxidation state higher than 2+ due to air 

exposure after samples preparation. The Fe2p3/2 

main line has maximum at 711.0 eV, a value 

characteristic of Fe3+ as in Fe2O3 [31]. 

 

 

Fig. 3. O1s, Mn2p and Fe2p photoelectron lines for MnFe2O4 samples synthesized by (a) sucrose-urea 0.75:0.25 

at 500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-

glycerol 0.25:0.75 at 500°C (Ar). 
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Fig. 4. The Mössbauer spectra of MnFe2O4 synthesized by (a) sucrose at 500°C (Ar), (b) sucrose-urea 0.5:0.5 at 

500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar). 
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The Fe3+ ions can be distinguished also by the 

small satellite appearing at higher binding (~8.5 

eV above the main line). The position of O1s 

peak practically does not change for all samples 

and has a binding energy of 530.0 eV, a value 

typical for lattice oxygen in transition metal 

oxides. The higher binding energy shoulder is 

usually assigned to species adsorbed on surface 

defect structures, OH group and/or adsorbed 

water. 

The Mössbauer spectra at room temperature 

of some of synthesized samples are shown on 

Fig. 4. It can be seen that all the experimental 

spectra are complicated and include unresolved 

components. Two of materials, MnFe2O4 

synthesized by sucrose-urea 0.5:0.5 and 

glycine-glycerol 0.75:0.25 (Ar), have only 

sextet components i.e. magnetic structure. The 

spectra of MnFe2O4 synthesized by sucrose (Ar) 

and glycine-glycerol 0.25:0.75 (Ar), contain 

both doublet and sextet components. The 

calculated hyperfine parameters IS and QS 

suggest the presence of spinel ferrite material 

with critically small particle size. This leads to 

registration of relaxation effects as 

superparamagnetism (SPM) and collective 

magnetic excitation behavior (CME) [32, 33]. 

CONCLUSION 

Single phase nanosized spinel manganese 

ferrites were prepared by solution combustion 

method using two mixtures of fuels urea-sucrose 

and glycine-glycerol in different ratios. The type of 

fuel has a strong influence on the possibilities to 

obtain single-phase product. The analyses indicate 

that single-phase product was obtained using pure 

hydrocarbons as fuel or fuel mixtures with high 

content of hydrocarbons. The spinel phase 

decomposes to individual oxides at temperatures 

above 600°C despite the atmosphere of thermal 

treatment. Samples obtained by using pure 

hydrocarbons or mixtures with high content of 

hydrocarbons show superparamagnetic behaviour 

due to the small size of the crystallites while 

samples obtained with high content of nitrogen 

containing fuels show magnetic ordering. It was 

shown that smaller particles obtained at low 

temperatures of thermal treatment demonstrate 

higher strain. Thermal treatment at higher 

temperatures leads to decrease of the strain without 

significant change of the size of the crystallites.  
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ИЗСЛЕДВАНЕ НА ВЪЗМОЖНОСТИТЕ ЗА ПОЛУЧАВАНЕ НА НАНОРАЗМЕРЕН  

MnFe2O4  ПРИ СИНТЕЗ ПО МЕТОДА НА ИЗГАРЯНЕ ОТ РАЗТВОР 

Цв. Лазарова1, Д. Ковачева1, З. Черкезова-Желева2, Г. Тюлиев2 

1Институт по обща и неорганична химия, Българска академия на науките, 

 ул. акад. Г. Бончев, Бл 11, София-1113, България, cveti_ura@abv.bg 
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(Резюме) 

Наноразмерният MnFe2O4 има важни приложения в устройства за магнитен запис, ферофлуиди, 

биосензори, катализатори, направляван транспорт на лекарства в организма и др. В работата се изучават 

възможностите за получаване на наноразмерни MnFe2O4 по метода на синтез чрез изгаряне от разтвор. 

Изучени са две системи със смесени горива в различни съотношения, а именно глицин-глицерол и 

захароза-урея. Получените продукти са подложени на термична обработка при различни температури и в 

различни среди (въздух, аргон), за да се намерят оптималните условия за получаване на монофазен 

наноразмерен MnFe2O4. Образците са изследвани с методите на рентгеновата дифракция, 

нискотемпературна адсорбция на азот (БЕТ), фотоелектронна и Мьосбауерова спектроскопия. Образците, 

получени чрез използване на чисти въглеводороди или смеси с високо съдържание на въглеводороди 

показват суперпарамагнитно поведение поради малкия размер на кристалите, докато тези, получени с 

високо съдържание на азотсъдържащи горива показват магнитно подреждане. Показано е, че по-малките 

частици, получени при ниски температури на термична обработка имат по-високи стойности на 

решетъчните напрежения. Термична обработка при високи температури води до намаляване на 

напреженията без значителна промяна на размера на кристалите. 

 Ключови думи: синтез чрез изгаряне от разтвор, MnFe2O4, XRD, XPS, Мьосбауерова спектроскопия. 
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