
496

ISSN 1606-867Х (Print)
	 ISSN 2687-0711 (Online)

Condensed Matter and Interphases
Kondensirovannye Sredy i Mezhfaznye Granitsy

https://journals.vsu.ru/kcmf/

Original articles
Research article
https://doi.org/10.17308/kcmf.2022.24/10645

The effect of solution-combustion mode on the structure, 
morphology and size-sensitive photocatalytic performance  
of MgFe2O4 nanopowders 
L. A. Lebedev , M. I. Tenevich, V. I. Popkov  *

Ioffe Institute,  
26 Politekhnicheskaya str., Saint Petersburg 194021, Russian Federation
Abstract 
Ferrites play a significant role in a number of applications from magnetic ceramic to multifunctional catalytic and 
antimicrobial material. As a catalytic material, it is crucial to have not only high activity but also be made from abounded 
elements via energy-efficient techniques, to make it valuable for industrial application. Magnesioferrite nanocrystalline 
powder series were prepared via solution–combustion route while varying fuel/oxidizer ratio. They were investigated by 
XRD, BET, SEM, DRS, and Fenton-like photocatalytic activity. Temperature-time profiles were measured for the combustion 
reaction of all mixtures. Results show a strong correlation between fuel content and temperature, structure, and morphology. 
But de-spite average surface area and crystallite size, the sample synthesized with excess fuel showed high dye adsorption 
capacity and catalytic activity.
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1.	  Introduction
In recent years, photocatalytic materials 

draw significant attention due to their ability 
to promote a number of chemical processes 
using a renewable energy source – sunlight. For 
instance, this type of catalysts can be utilized 
for several so-called “green processes”, from 
wastewater processing [1–3] and carbon oxide 
capturing [1–4], to hydrogen production [7] 
and antibacterial treatment [8, 9]. There are a 
wide variety of materials that can be used for 
this purpose, but for commercial applications, 
materials made from abundant elements are 
more favourable.

In this research work, magnesium ferrite 
spinel was the material of choice due to the 
inexpensiveness of its precursor elements and 
the known high photocatalytic activity of ferrite 
spinels [10]. Ferrites are not only catalytically 
active but also exhibit magnetic properties [11–
17], which makes them multifunctional and 
suitable for facile separation from reaction mass 
when needed. 

Surface properties play a significant role in any 
heterocatalytic reaction [18]. Therefore, the control 
over the surface area, its morphology, chemical 
composition, and some other characteristics, 
determines the resulting performance of any 
catalytic material. For the synthetic approach, 
the solution-combustion technique was selected, 
because of its short reaction times and energy 
efficiency [10, 12 19–23].

2. Experimental
2.1. Synthesis

For sample preparation glycine (C2H5NO2) 
was used as fuel and added to an aqueous 
solution of magnesium (Mg(NO3)2·6H2O) and 
ferric (Fe(NO3)3·9H2O) nitrate in a quartz beaker 
and heated until water boils off and further to 
start combustion process (ignition starts at 250-
270 °C). All chemicals were used as purchased 
without further purification. Synthetic ratios were 
calculated based on equation 1:

9Mg(NO3)2 + 18Fe(NO3)3 + 40C2H5NO2 →  
→ 9MgFe2O4 + 100H2O + 80CO2 + 56N2.	 (1)

The stoichiometric factor F was proportional 
to the equation and was equal to 1 for glycine to 
nitrate ion ratio 5/9, and changed accordingly by 

multiplication of glycine amount for the same 
weight of nitrates.

2.2. Characterization
Temperature measurements were conducted 

using a quartz beaker with inserted K-type 
thermocouple assembly 0.4 mm in diameter 
sealed in a glass capillary tube 0.5 mm in diameter 
attached to ADC-module E20-10 (Lcard) with 
a sampling rate of 1KSample/s. The miniature 
size of the thermocouple provides low thermal 
inertia as well as glass cover prevents short 
circuits and dissolution by reaction mixture. X-ray 
diffraction patterns were measured with Rigaku 
SmartLab3 (Cu-Ka radiation, at I = 50  mA and 
U = 40 kV). The diffraction patterns of samples 
were recorded in the Bragg–Brentano focusing 
geometry with a step of 0.01° and speed of 1°/min 
in the angle range 10–90°. The specific surface 
area was measured with Sorbi-M automatic 
BET sorbtometer. Scanning electron microscopy 
images were taken with VEGA3 TESCAN scanning 
electron microscope. Diffusion reflectance and 
absorption spectra of samples were measured 
on an Avaspec-ULS2048 compact spectrometer 
equipped with an AvaSphere-30-Refl integrating 
sphere for DRS spectra and a 3D-printed 
cuvette holder for absorption measurements. 
Catalytic activity was measured via methylene 
blue discoloration under two 35W Xe-arc lamp 
irradiation, with 30-minute intervals for two 
hours total.

3. Results and discussion
3.1. Temperature-time analysis of solution 
combustion

Temperature-time profiles are shown in Fig. 
1a accompanied by a bar graph of the maximum 
combustion temperature for each sample. It can be 
noticed that samples with fuel deficiency as well 
as proficiency have lover reaction temperature 
compared to the stoichiometric ratio, but the 
profiles are different. In Fig. 1b, c and d photos 
of reaction mixtures during each stage of the 
process are shown, and there is a significant 
change in the combustion stage. For samples 
with fuel deficiency combustion followed by the 
evolution of large amounts of nitrogen oxides that 
can be observed by the brown coloration of the 
beaker, it indicates that thermal decomposition 
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of nitrates prevailed for this F. That type of 
combustion mode can be called thermolysis due 
to prevailing of thermal de-composition over 
combustion process.

For F = 1, combustion proceeds vigorously, 
with a high amount of energy, seen by a bright 
glow of reaction products and the absence of 
fumes, due to most of the products being hot 
water vapour along with nitrogen and carbon 
dioxide gases. From the temperature-time profile 
and visual observation, this combustion mode 
can be classified as volume type. The maximum 
temperature was measured as high as 2790 °C 
while it was in a short period.

Mixture with doubled fuel content (F = 2) 
showed partly similar behavior as fuel deficient 
mixture, during combustion, large amounts of 
gases come out along with foaming of products. 

Thereby, the reaction mixture forms a thermal 
insulating cocoon, widening the thermal profile 
peak. The formation of active char foam also 
prolongs reaction time due to the smoldering 
process on ambient air. Thus reaction mode can 
be marked as a smoldering type (24–27).

3.2. X-ray powder diffraction
The structural analysis shown in Fig. 2 

confirmed that all prepared samples were 
magnesioferrite spinels. There is an expected 
correlation between F value and crystallinity, that 
goes along with maximum temperature change. 
Higher combustion temperatures provide better 
crystallinity and bigger crystallite size, where 
a sample with F = 0.25 is al-most amorphous 
to F  =  1 with the biggest crystal size and low 
amorphous phase content.

Fig. 1. Time-temperature profiles of solution-combustion synthesis of MgFe2O4: (a) – comparison of time-tem-
perature profiles of samples with different stoichiometric ratios, insert bar graph shows maximum peak tem-
perature of reaction; (b), (c) and (d) – thermal profiles curves with photos of reaction beaker at different 
stages of reaction for 0.25, 1 and 2 stoichiometric ratios respectively
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3.3. The N2 Adsorption/Desorption Isotherms 
(BET)

The surface area with SEM photos is presented 
in Fig. 3. A high correlation of surface area with 
reaction temperature can be observed, where F = 
0.25 sample has the highest area, with the lowest 
reaction temperature, and F = 1 sample has the 
lowest, with the highest combustion temperature, 
for F = 0.5 and 2 area values as well as temperature 
values are close to each other. From SEM images, 
fuel deficient sample exhibit a sponge-like structure 
with big, thin-walled pores that resemble bubbles, 
stoichiometric sample looks similar to previously 
mentioned, but most of the “bubbles” are popped 
and only skeletal borders are left, which could mean 
that most of the surface gone due to high reaction 
temperature and melting of thin pore walls. Sample 
with excess fuel has denser foam-like, compared 
to previous samples, structure with much smaller 
pores, but regarding that specific area is not as high 
as could be expected in comparison with sample 
F = 0.25, which means that some pores are sealed 
and thus unavailable.

3.4. Diffusion reflectance spectroscopy
Optical band gap values were calculated from 

diffuse reflective spectra shown in Fig. 4. Fuel 
ratio-dependent changes in band gap can be 
observed as a gradual decrease from 2.24 to 2.10 
eV with an increase of F value, but this change 
occurs within the 10% region. Nevertheless, this 
can be utilized to fine-tune material bandgap 
or make it more susceptible to lower energy 
irradiation.

3.5. Fenton-like properties
To study the photocatalytic activity of 

obtained samples, Fenton-like decolorization of 
methylene blue (MB) dye was used. Absorbance 
spectra and results of their processing are 
shown in Fig. 4c-f. From adsorption capacity 
and photodecomposition rate constant data, one 
can see that sample with double fuel excess has 
the most remarkable parameters among some 
prepared samples, despite the fact of its average 
specific surface value. Such a significant activity 
can be attributed to specific surface morphology 
as well as the number and accessibility of active 

Fig. 2. (a) – XRD patterns of MgFe2O4 samples; (b) – crystallinity; (c) – average crystal size
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centres. In contrast to samples with F in a range 
from 0.25 to 1, where the main surface species 
can be oxide or hydroxide groups, because of 
full combustion and carbon depletion, sample 
with higher content of the fuel, has a chance 
to form not only carbon-based structures but 
also carboxylic, carbonate and other species 
on the mixed oxide surface, determined by fuel 
composition and reaction conditions.

4. Conclusions 
A highly photo-Fenton-like active MgFe2O4 

spinel sample was synthesized by solution-
combustion approach, with variable fuel content 
F. In this research work, it was shown that 
change in F value not only affects combustion 
temperature but also the combustion mode 
itself, changing the shape of the temperature-
time profile that can result in a combination of 
morphological, structural, and surface properties. 
Such a behavior can be observed for half and 
twice excess of fuel, temperatures are similar and 

the same for crystallinity and surface area, but 
due to other types of combustion (smoldering) 
and thus wider temperature peak, the sample 
with F = 2 has a larger crystallite size, smaller 
pores, and significantly higher adsorption and 
catalytic properties. Further investigation of this 
phenomenon can provide data to additionally 
enhance the photocatalytic activity of these 
materials by tuning their properties with reaction 
conditions such as fuel type and ratio. 
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