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A B S T R A C T

High antibacterial and photocatalytic Ni0.5Zn0.5Fe2O4 nanoparticles were synthesized via solution combustion
synthesis method using complex fuels i.e. glycine & urea. Employing a mixed-fuel system for synthesis of na-
nopowders improved the photodegradation of methylene blue as dye molecule to 85% along with 100% growth
inhibition against bacteria (E. coli and S. aureus). The minimum inhibitory concentration of particles was
0.25mg/mL and 0.125mg/mL against the gram-negative and gram-positive bacterium, respectively. The effect
of fuel type (glycine & urea), fuel to oxidizer ratio (φ=0.8, 1, and 1.4), and complex fuels (mixing urea and
glycine with different molar proportions) on the synthesis process as well as the physicochemical properties of
the as-synthesized nanopowders were investigated. XRD, FTIR, EDS, and elemental mapping results implied that
the formation of single-phase product relied on the φ value. Well-crystalline single-phase Ni0.5Zn0.5Fe2O4 par-
ticles with an estimated crystallite size of 8.9-22.4 nm, were synthesized at φ=0.8 and 1.4. Combusted particles
using urea at φ=1.4 displayed saturation magnetization of 67 emus/g (without further sintering process), the
specific surface area of 150m2/g, and particle size around 30 nm.

1. Introduction

Among various magnetic spinel ferrites, Ni–Zn ferrites with the
general formula of NixZn(1-x)Fe2O4 have unique characteristics which
makes them a promising candidate for different application [1,2].
Several authors reported that Ni0.5Zn0.5Fe2O4 had significant magnetic
properties in comparison to the other compositions of Ni–Zn ferrites
[3]. Additionally, Zn0.5Ni0.5Fe2O4 nanoparticles are a promising com-
pound for photocatalytic degradation of the organic pollutants under
UV or solar light owing to the small band gap (2.2 eV) and magnetic
properties of ferrites [4]. Qasim et al. reported that synthesized
Zn0.5Ni0.5Fe2O4 powders displayed high photoactivity with photo-
catalytic efficiency around 60% [4]. During the past years, the bac-
tericidal activity of other spinel ferrites such as cobalt ferrites with the
general formula of M0.5Co0.5Fe2O4 was investigated. Obtained results
indicated that Ni0.5Co0.5Fe2O4 and Zn0.5Co0.5Fe2O4 displayed pro-
mising antibacterial activity [5]. Jesudoss et al. stated that the

antibacterial activity of Mn–Ni ferrite nanoparticles is influenced by the
content of the Ni component in the phase composition of manganese
ferrite. The higher amount of Ni, the higher bactericidal effect [6]. The
antibacterial activity of Ni0.5Zn0.5Fe2O4 nanoparticles has not been
explored yet. However, it can be anticipated that co-substitution of both
Ni and Zn in the structure of ferrite could significantly enhance its
bactericidal activity against the bacterium. An overview of the previous
reports on the physical and chemical properties of Ni0.5Zn0.5Fe2O4

particles demonstrate that this compound can have the antibacterial,
photocatalytic, and magnetic properties altogether. Synthesizing
method is an essential factor which affects the properties of synthesized
powders. Variety of methods such as co-precipitation [7], hydrothermal
[8], sol-gel [9], sonochemical [10], reverse microemulsion [11], have
been reported for the synthesis of Ni0.5Zn0.5Fe2O4 nanopowders by
numerous researchers. Table 1 represents the summary of the results of
previous studies on Ni0.5Zn0.5Fe2O4 nanoparticles synthesized by var-
ious methods [3,4,12–22]. Solution combustion synthesis (SCS) is a
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combustion-based method which comprises a rapid self-sustained exo-
thermic reaction between a metal nitrate (oxidizer) and a fuel resulting
in the production of well-crystalline nanometric material [23,24]. Re-
cently, the authors stated that SCS technique induces oxygen vacancies
in the crystal structure of the combusted particles. Obtained results
showed that magnetic and optical properties of the obtained products
were improved as a result of structural defects such as oxygen vacancies
[25,26]. In our previous work [27], it was observed that saturation
magnetization of solution combustion synthesized Fe3O4 particles were
enhanced up to 100 emus/g which was much higher than that of re-
ported in the literature. Accordingly, it can be assumed that synthe-
sizing Ni0.5Zn0.5Fe2O4 particles through SCS procedure could lead to
the production of high antibacterial, high photocatalytic, and high
magnetic nanopowders. During the past years, several authors have
synthesized Ni0.5Zn0.5Fe2O4 powders by SCS method using a single-fuel
system and the photocatalytic and magnetic properties of combusted
nanopowders were studied [4,13]. It is documented that different fuels
have different specifications which affect the SCS parameters, i.e.
combustion mode, combustion temperature (Tc), ignition temperature
(Tig), and the amount of exhausting gases, during the synthesis process
[23,28–32]. These factors have a significant effect on the phase com-
position, oxygen vacancy, crystallinity, crystallite size, particle size,
morphology, surface area, and physicochemical properties of the syn-
thesized powders [25,27,28]. Given the benefits of using fuel mixtures
in the case of many metal oxides [33–37], we believed that the use of a
mixture of fuels (mixed-fuel system) instead of single fuel (single-fuel
system) can enhance the magnetic, photocatalytic, and antibacterial
properties of Ni0.5Zn0.5Fe2O4 particles.

In the current study, Zn0.5Ni0.5Fe2O4 nanoparticles were solution
combustion synthesized by varying the SCS parameters (fuel type and
fuel to oxidizer ratio) to develop efficient photocatalytic and anti-
bacterial Ni–Zn ferrite nanoparticles. Thermodynamic calculations
were conducted along with the characterization of as-combusted
Zn0.5Ni0.5Fe2O4 powders to gain a better understanding of the corre-
lation between SCS parameters and their influence on the phase com-
position, crystallinity, saturation magnetization, and morphology of
particles. Accordingly, solution combustion synthesis of Zn0.5Ni0.5Fe2O4

was carried out using glycine and urea at various fuel to oxidizer ratios
i.e. φ= 0.8 (fuel lean condition), 1 (stoichiometric condition) and 1.4
(fuel rich condition). Both single-fuel and mixed-fuel (with the different
molar proportion of fuels) systems were examined. Eventually, a com-
parative study was conducted on the obtained results. The photo-
activity, bactericidal effect, and saturation magnetization of as-

prepared powders were compared with that of synthesized
Zn0.5Ni0.5Fe2O4 nanopowders via SCS method and other prior techni-
ques in the literature.

2. Experimental procedure

2.1. Preparation of Zn0.5Ni0.5Fe2O4 nanoparticles

Ferric nitrate (Fe(NO3)3.9H2O, 98%), Zinc nitrate (Zn(NO3)2.6H2O,
99%), Nickel nitrate (Ni (NO3)3.6H2O, 98%), glycine (C2H5NO2, 99%)
and urea (CO(NH2)2, 99.5%) were utilized as the starting materials. In
order to study the effect of fuel type and fuel to oxidizer ratio on the
combustion mode and combustion temperature and consequently final
properties of the product, three systems were considered based on the
following reaction, and combustion reactions were carried out:
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1. Glycine–Metal nitrates system: single-fuel system utilizing glycine as
fuel, combustion reactions were conducted at φ=0.8, 1 & 1.4.

2. Urea–Metal nitrates system: single-fuel system using urea as fuel,
combustion reactions were performed at φ=0.8, 1 & 1.4.

3. Glycine/Urea – Metal nitrates system: Complex fuels system uti-
lizing mixture of urea and glycine with different molar proportions
where molar proportion of urea to glycine were considered as fol-
lows: 1:3 (25% urea, 75% glycine), 1:1 (50% urea, 50% glycine),
and 3:1 (75% urea, 25% glycine), combustion reactions were carried
out at φ= 0.8, 1 & 1.4.

According to reaction above, 0.5mol zinc nitrate, 0.5 mol nickel
nitrate, 0.5mol ferric nitrate, x mol glycine, and y mol urea were dis-
solved in the minimum amount of distilled water (4 cc) and thoroughly
homogenized by the stirrer. The x and y values were different based on
the amount of fuel to oxidizer ratio as well as the system used. The
obtained clear solution was transferred into a crucible and rapidly he-
ated to 270°C as far as most of the water was evaporated, and the initial
solution converted into a gel. Then, the combustion reaction ignited
and propagated spontaneously throughout the precursor gel resulting in
the formation of a solid product. As-combusted particles were denoted

Table 1
The summary of the results of previous studies on Ni0.5Zn0.5Fe2O4 nanoparticles synthesized by various methods.

Synthesis method Magnetic properties Specific Surface
area (m2/g)

Particle size/
Crystallite size

Photocatalytic
activity (%)

Antibacterial
performance (%)

Fuel

Ms Mr Hc

Reverse micro emulsion + annealing at
600 °C

21.69 0.5 10.62 – 2nm /5nm – – –

Co-precipitation 45.44 0.83 7 – - /20.3nm – – –
Sol combustion + calcination process 105.2 – – 69.7 16nm /15nm – – Absolute

alcohol
Chemical co-precipitation 89.5 35.23 48.07 – 35nm /42nm – – –
Sol-gel auto-combustion method 43 11.7 40 – 500nm /250nm – – –
Gel combustion 56 0.4 37 – 22nm /16nm 60 – Citric acid
co-precipitation 36.26 1.14 38.4 – - /90nm – – –
Hydrothermal 28 1.1 0 – 20nm /12nm – – –
Citrate-gel process 68 – 9.2 – 33nm /14nm – – Citric acid
Solution combustion synthesis + sintering

process
72 – – 44.5 35nm /25.3nm – – Glycine

Solution combustion synthesis 62.4 3.7 40.4 – 100nm /34.2nm – – Glycine
Solution combustion

synthesis + calcination
75.7 1.41 0.72 – 200nm /38nm – – Citric acid

Solution combustion synthesis + sintering 76.3 – 60.8 34.8 - /35.8nm – – Glycine
Sol-gel auto-combustion – – – 1.11 - /34.5nm 55 – Diethanol-

amine
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as FxUyGz. The upper-case letters, i.e. F, U, and G are the abbreviation of
fuel to oxidizer ratio (φ), urea and glycine, respectively, and x, y, and z
are individually related to φ value and molar proportions of fuels.

2.2. Characterization

X′ Pert PW 3040/60 X-ray diffractometer (XRD) using monochro-
matic Cu-Kα radiation was employed to characterize the phase evolu-
tion of synthesized powders. XRD patterns were quantitively analyzed
by Rietveld method using X'Pert HighScore Plus 3.05 software. A USB-
4718 data acquisition module was utilized to monitor the reaction
temperature-time profiles. FTIR spectra of the combusted product were
explored by THERMO NICOLET AVATAR 370 Fourier transform in-
frared (FTIR) spectrometer in the range of 400-4000 cm−1. The mi-
crostructure and morphology of the prepared powders were studied by
Mira 3-XMU field emission scanning electron microscopy (FE-SEM)
equipped with an energy-dispersive X-ray spectrometer (EDS) and
CM120 Philips HOLLAND transmission electron microscopy (TEM). The
particle size distribution of the synthesized particles was evaluated by
Vasco3 Cordouan particle size analyzer (PSA). Magnetic properties of
as-combusted nanoparticles were analyzed by MDKFT vibrating sample
magnetometer (VSM) at room temperature. The
Brunauer–Emmett–Teller (BET) method was used to determine the
specific surface area and porous structure of composite particles by
PHS-1020 surface area and pore size analyzer at 77 k when the sample
was degassed at °250 C for 5 h. UV–visible spectrophotometer (CECILL
8000 UV/VIS) was utilized to explore the electronic absorption beha-
vior of nanoparticles. The spectrum was recorded in the wavelength
ranged between 200 and 800 nm from the suspension of the samples
using distilled water.

2.3. Photocatalytic performance

Methylene blue (MB) was considered as contaminant molecule to
evaluate the photocatalytic activity of obtained Zn0.5Ni0.5Fe2O4 parti-
cles. The degradation process was performed under sunlight at ambient
temperature. The dosage of Zn0.5Ni0.5Fe2O4 powder was set as follows:
0.001 gr of synthesized powder for 50mL of 15M methylene blue so-
lution. Before irradiation, the MB solution was stirred in the dark for
30min to prepare a well-dispersed solution and ensure the adsorption-
desorption equilibrium between catalyst surface and pollutant mole-
cules. After irradiation at regular intervals, solution samples were
analyzed by Cecil 8000 UV–vis spectrometer to determine the con-
centration of residual MB.

2.4. Antimicrobial activity

2.4.1. Bacterial cell preparation
Gram-negative bacterium Escherichia coli and gram-positive bac-

terium Staphylococcus aureus were utilized as the model organisms for
exploration of antibacterial activity of synthesized Zn0.5Ni0.5Fe2O4

particles. S. aureus and E. coli were grown in nutrient broth (NB) culture
medium overnight at 37 °C incubator. S2000 UV–Vis spectrophotometer
was employed to measure the optical density (OD) of overnight culture
at 630 nm. Subsequently, the overnight culture was diluted using NB
medium to obtain an OD ranged between 0.08 and 0.1 (1.5 ×.106 CFU/
mL).

2.4.2. Assessment of cell viability
Ni0.5Zn0.5Fe2O4 nanoparticles were dispersed in a solvent composed

of deionized water, dimethyl sulfoxide (DMSO), and glycerol. 100 μL of
obtained suspension with the desired concentrations of 250, 125, 62.5,
31.2, 15.6, 7.8, 3.9, and 1.95 ppm along with 100 μL of NB culture
medium were inoculated in a microplate. The diluted overnight culture
was then seeded into microplate containing nanoparticles and NB cul-
ture and incubated at 37 °C overnight. The microplates also contained
control wells including culture media and bacterium. Bacterial growth
was evaluated after 20 h by measuring the enhancement in absorbance
at 630 nm by a Stat Fax-2100 ELIZER reader. All experiments were
repeated three times for statistical study.

3. Results and discussion

3.1. Thermodynamic aspects

The standard enthalpy of reaction ΔH0
f and adiabatic temperature

(Tad) were calculated for the reactions at fuel lean (φ<1), fuel rich
(φ>1), and stoichiometric (φ= 1) conditions utilizing available
thermodynamic data in the literature [22]. Fig. 1 indicates the de-
pendency of the adiabatic temperature and measured combustion
temperature (Tc) on φ value. As seen from Fig. 1, the adiabatic tem-
perature is highly affected by φ value, the molar proportion of fuels and
fuel type. It can be observed that Tad is increased with the enhancement
of φ value and reached its maximum at φ=1.4. Furthermore, it is no-
ticed that regardless of the value of fuel to oxidizer ratio, increasing the
molar proportion of glycine in the fuel mixture is led to the enhance-
ment of the adiabatic temperature. From the thermodynamic point of
view, glycine has more negative combustion heat (-1020.6 kJmole-1)
comparing to urea (-750.9 kJmole-1) [3] which justify such Tad varia-
tion trend. However, as can be seen in Fig. 1, the variation trend of Tc is
incompatible with that of Tad. Such incompatibility could be due to the
incomplete oxidation of fuel at the experimental condition. Moreover,
all combustion temperatures are lower than calculated adiabatic tem-
peratures, which could be attributed to the fact that combustion reac-
tion is not entirely adiabatic owing to the radiation and conduction
losses. Note that at fuel-lean and fuel-rich conditions, the exhaust of
gases with different amounts decreases Tc values. In order to perceive
the effect of type and amount of fuel on the combustion synthesis
mechanism, the thermal profile of synthesized particles at constant φ
was studied. Fig. 2 exhibits the reaction temperature-time profiles of
combusted powders at φ=1. As can be observed in Fig. 2, initiation of
the combustion reaction is postponed when urea was added to the fuel
mixture. Alteration of the volume of exhausting gases, enthalpy of
formation and exothermicity of the reaction due to the conversion of
the single-fuel system into complex fuel system may be the leading
reason for such postponement in the initiation of the combustion re-
action. During the experimental procedure, reactions at fuel lean and
stoichiometric conditions with the high molar proportion of urea were
not ignited while reactions at fuel rich condition were combusted
completely. Table 2 exhibits the ignition temperature and combustion
temperature of all combustion reactions. According to Table 2,

Fig. 1. The dependency of adiabatic and combustion temperatures on the fuel
to oxidizer ratio.
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combustion reaction at φ=1.4 using urea is ignited at 325 °C while it
is reported that decomposition of urea starts at 135 °C [38]. Accord-
ingly, it can be inferred that part of urea eliminates from the system
before the initiation of the combustion reaction. Consequently, at fuel-
rich condition, the excessive urea compensates the fuel deficiency and
supplies the required energy for complete combustion reaction,
whereas at fuel lean and stoichiometric conditions combustion reaction
does not occur owing to the insufficient amount of urea. Three different
combustion modes were observed during the experiments:

a Flaming mode: reaction spontaneously initiated along with vigorous
flame over the entire precursor media.

b SHS – flaming mode: reaction initiated locally in a self-sustained
manner propagating throughout the media with a weak flame.

c Smoldering mode: reaction initiated along with the generation of a
significant amount of gases. The flame was not detected in this
mode.

The dependency of the combustion mode, as well as the amount of
exhausting gases on fuel to oxidizer ratio (φ), are indicated in Fig. 3a
and Fig. 3b, respectively. Fig. 3a shows that regardless of the fuel type,
combustion mode is strongly affected by the φ value. The mode of
combustion changes from smoldering to flaming and then alter to SHS/
smoldering when φ value changes from 0.8 to 1 and 1.4, respectively. It
can be noticed that combustion mode is affected by the combustion
temperature as well. The flaming mode resulted in higher Tc in

comparison with the smoldering and SHS–flaming modes. Fig. 3b in-
dicates that increasing the fuel to oxidizer ratio enhanced the amount of
exhausting gases which could lead to the formation of powders with
small particle size [39].

3.2. X–ray diffraction

Fig. 4(a-c) illustrates the phase composition of the synthesized
particles at φ=0.8, 1, and 1.4, respectively. Results of the Rietveld
refinement of XRD patterns including crystallite size, crystallinity per-
centage, estimation of phase constituents, volume, and lattice constant
relating to Zn0.5Ni0.5Fe2O4 phase are reported in Table 3. According to
XRD patterns as well as reported phase constituents in Table 3, com-
busted particles at φ=0.8 and 1.4 are composed of single-phase
Zn0.5Ni0.5Fe2O4 (ICDD card No. 008-0234) while ZnO (ICDD card No.
01-0778-0191) phase is crystallized in the combusted samples at φ=1
as well as some of the synthesized samples at φ=1.4 as an impurity.
Comparing XRD patterns with obtained combustion temperatures
(Fig. 1 and Table 2) specifies that single-phase Zn0.5Ni0.5Fe2O4 nano-
particles is obtained at temperatures below 900 oC. Consequently, in
the case of synthesized samples at φ=1, Zn0.5Ni0.5Fe2O4 phase could
undergo partial decomposition due to the high combustion temperature

Fig. 2. Temperature-time profile of combusted samples at φ=1 with different
molar proportion of fuels.

Table 2
Ignition temperature (Tig) and combustion temperature (Tc) of as-synthe-
sized samples.

Samples Tig (°C) Tc (°C)

F0.8U0G1 142 291
F0.8U1G3 150 476
F0.8U1G1 148 476
F1U0G1 162 1093
F1U1G3 143 1190
F1U1G1 162 1194
F1U3G1 188 1200
F1.4U0G1 148 478
F1.4U1G3 165 512
F1.4U1G1 175 610
F1.4U3G1 229 612
F1.4U1G0 325 864

Fig. 3. The dependency of (a) combustion mode and (b) generation of ex-
hausting gases on fuel to oxidizer ratio.
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(Tc >1000 °C) leading to the evolution of ZnO phase. Note that in our
recent work [40], it was specified that ambient oxygen interfered in the
synthesis process resulting in the oxidation of the obtained product.
Therefore, it can be concluded that interference of ambient oxygen
during the synthesis process could be the other factor responsible for
the presence of ZnO phase in combusted samples at φ=1 and φ=1.4
(F1.4U3G1 and F1.4U1G3 samples). According to Table 3, the estimated
lattice parameters for synthesized Zn0.5Ni0.5Fe2O4 are a=b=c=8.39

°A demonstrating that these particles have cubic crystal structure
which is in good agreement with that of reported in the ICDD card
(8.399 °A ). It is essential to note that the crystallite size of combusted
particles was strongly influenced by the φ value (Table 3). The crys-
tallite size order of as-combusted Ni–Zn ferrite nanopowders is as fol-
lows: synthesized particles at φ=1> synthesized particles at
φ=1.4 > synthesized particles at φ=0.8. Several authors reported
that reaction temperature plays an important role in controlling the

crystallite size; the higher temperature leads to higher crystallite size
[41]. As explained earlier, Tc order of combusted powders was as fol-
lows: synthesized powders at φ=1 > synthesized powders at
φ=1.4 > synthesized powders at φ=0.8 which justifies the variation
trend of crystallite size of combusted nanopowders.

3.3. FTIR spectra

As-synthesized Zn0.5Ni0.5Fe2O4 particles were analyzed by FTIR
spectroscopy, and the observed absorption bands are summarized in
Table 4. FTIR spectra of F0.8U0G1, F1U0G1, and F1.4U0G1 samples are
shown in Fig. 5 to inspect the effect of fuel to oxidizer ratio on the phase
composition of the prepared powder. According to Table 4, FTIR
spectrum of all combusted samples displays two absorption bands in the
ranges of 408 – 422 cm-1 and 549 – 573 cm-1 which are attributed to
Mocta–O, and Mtetra–O bonds, respectively [42]. Furthermore, observed

Fig. 4. XRD patterns of synthesized particles at (a) φ=0.8, (b) φ=1, and (c) φ=1.4.

Table 3
Results of the Rietveld refinement of XRD patterns.

wt. % of observed phases

Samples code Crystallite size (nm) Lattice constants (Å) a=b=c Volume (Å3) (Ni, Zn)0.5Fe2O4 ZnO Amorphous Content (%) Crystallinity (%)

F0.8U0G1 10.6 8.36 585.82 61.50 – 38.50 61.5
F0.8U1G3 9.1 8.38 589.00 60.45 – 39.55 60.45
F0.8U1G1 8.9 8.38 588.37 51.00 – 49 51.0
F1U0G1 31.3 8.36 585.21 51.70 9.37 38.93 61.07
F1U1G3 36.2 8.37 586.10 59.53 7.57 32.90 67.1
F1U1G1 58.3 8.40 593.45 67.45 9.00 23.55 76.45
F1U3G1 37.4 8.41 595.25 58.22 4.05 37.73 62.27
F1.4U0G1 12.4 8.40 594.54 41.19 – 58.81 41.19
F1.4U1G3 20.2 8.39 591.42 61.13 2.0 36.87 63.13
F1.4U1G1 22.0 8.39 591.79 53.72 – 46.28 53.72
F1.4U3G1 22.4 8.40 591.93 52.57 3.1 44.33 55.67
F1.4U1G0 19.5 8.36 586.22 74.42 – 25.58 74.42

H. Aali, et al. Ceramics International 45 (2019) 19127–19140

19131



absorption bands in the range of 1000 – 4000 cm-1 are related to the
residual organics, i.e. O–H, N–H, and C–H bonds [43–45]. Fig. 5 illus-
trates that the presence of absorption bands corresponding to the re-
sidual organics in FTIR spectra of synthesized particles relies on the
amount of fuel to oxidizer ratio. As can be observed in the figure, re-
sidual organics present in the combusted nanoparticles at φ=0.8 and
1.4, whereas no residual organics can be detected in prepared powders
at φ=1. Note that presence of residual organics in the synthesized
samples at fuel lean (φ=0.8) and fuel rich (φ=1.4) conditions could
be related to the decomposition of excessive metal nitrates and fuel,
respectively. According to our recent study [40], although ambient
oxygen interferes in the synthesis process, the amount of interfered
oxygen is not enough for complete oxidation of fuel at fuel rich con-
ditions. This results in the presence of residual fuel in the final product.
At fuel lean condition, lack of fuel leads to an incomplete combustion
reaction of metal nitrates resulting in the presence of residual metal
nitrate.

3.4. Microstructure

FESEM images of synthesized powders through systems 1-3 are re-
presented in Fig. 6(a-l), respectively. As shown in Fig. 6, all synthesized
powders are macro-porous and highly agglomerated owing to the lib-
eration of gases and generation of high combustion temperature
(Fig. 1), respectively [27,46]. Comparing the FESEM images at variable
φ values determines that improvement of fuel to oxidizer ratio from 0.8

to 1.4 enhanced the macro-porosity in the obtained powders using
glycine (single-fuel system). However, in the complex fuel system, the
macro-porosity of powder is decreased by increasing the φ amount
(regardless of the molar proportion of fuels). Previous studies suggested
that the amount of fuel (fuel to oxidizer ratio) has a significant effect on
the amount of energy and gases generated during the combustion re-
action [47]. As the φ increases, the amount of energy and exhausting
gases increase as well. Based on the thermodynamic results (Table 2
and Fig. 1), Tc is raised to its maximum value by increasing the φ from
0.8 to 1 and then it is decreased by increasing the φ value to 1.4. It is
worth noting that, although Tc is increased, the volume of exhausting
gases is also increased. Therefore, high macro-porosity of combusted
samples through the single-fuel system could be due to the generation
of a large amount of gases. In the case of synthesized powders through
mixed fuels system, employing urea along with glycine as well as en-
hancement of φ value increased the Tig in these reactions that induce
loss of exhausting gases [28]. Therefore, high Tc alongside the loss of
gases decreases the macro-porosity of particles. Despite the high mag-
nification of FESEM images, the shape of the particles is difficult to
discuss in detail. However, it can be observed that most of the syn-
thesized samples contain particles with an irregular shape. Fig. 7(a-c)
illustrates the EDS spectra of synthesized samples through system 1, i.e.
F0.8U0G1, F1U0G1, and F1.4U0G1 sample, to explore the residual Carbon
in the final product. As can be seen in Fig. 7, residual C is only pre-
sented in the combusted sample at φ=1.4 owing to incomplete oxi-
dation of glycine resulted from insufficient oxidizer (metal nitrate).
Fig. 8a and b depict the EDS spectra and elemental mapping of sample
F1.4U1G0, respectively. As shown in Fig. 8a, Ni, Zn, Fe, and O ions are
the only elements that present in as-prepared powder indicating the
purity of the combusted sample. The elemental mapping results
(Fig. 8b) demonstrate the homogenous distribution of ions throughout
the as-synthesized ferrite nanoparticles. Moreover, the quantitative
results imply that the composition of Zn, Ni, and Fe components that
were initially dissolved in water is maintained in the final powder.

3.5. Magnetic properties

Magnetization curves at room temperature and saturation magne-
tization (Ms) of the as-synthesized powders through systems 1-3 are
indicated in Fig. 9a and b, respectively. As shown in Fig. 9a, all com-
busted particles display a narrow hysteresis loop revealing the soft
magnetic behavior of the as-synthesized Zn0.5Ni0.5Fe2O4 nanoparticles
[14]. Fig. 9b illustrates that Ms of synthesized samples at φ=0.8 is
decreased from 40.4 emus/g to 30.8 emus/g with the enhancement of
the molar proportion of urea in the fuel mixture which agrees with
increasing of the amorphous content in these samples (Table 3). How-
ever, Ms value of combusted samples at φ=1.4 is enhanced (from 19
emus/g to 67 emus/g) when the molar proportion of urea in the fuel
mixture is raised. According to Table 3, by enhancement of the molar
proportion of urea in the fuel mixture, crystallinity of as-combusted
powders at φ=0.8 and φ=1.4 is decreased and increased, respectively,
which is in excellent agreement with the variation of Ms value in these
samples [48]. In case of combusted samples at φ=1, Ms value of
F1U0G1, F1U1G3, F1U1G1 samples is lower than that of sample F1U3G1

that might be due to the presence of more amount of non-magnetic
phase (ZnO) in these samples [49]. Among all synthesized particles,
F1.4U1G0 sample exhibits the highest saturation magnetization of 67
emus/g. Such Ms value could arise from its high crystallinity (74.4%)
comparing to that of other samples. An overview of VSM results reveals
that high Ms values (64 emus/g and 67 emus/g) achieved when the
molar proportion of urea was higher than glycine in the fuel mixture. It
is important to note that previous authors reported magnetization of 4.9
emus/g [12], 5 emus/g [22], and 56 emus/g [4] for the as-synthesized
Ni0.5Zn0.5Fe2O4 particles which is lower than that of as-combusted
Ni0.5Zn0.5Fe2O4 powders in this study.

Table 4
Observed absorption bands from FTIR spectra of combusted powders.

Sample Absorption Band (cm-1)

Metal - O N - H O - H C–H

F0.8U0G1 411,565 3180,3415 1619 1384
F0.8U1G3 408,573 3243, 3439 3432 1384
F0.8U1G1 409, 571 – 3436 1384
F1U0G1 415, 570 – – –
F1U1G3 412, 570 – – –
F1U1G1 415, 559 – – 1383
F1U3G1 415, 561 – – 1384
F1.4U0G1 422, 570 1595 3332 1398
F1.4U1G3 411, 568 1595 3338 1389
F1.4U1G1 414, 555 1592 3340 1384
F1.4U3G1 413, 549 3195, 3321 – –

Fig. 5. FTIR spectra of prepared powders at different fuel to oxidizer ratio (0.8,
1, and 1.4) using glycine.
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3.6. Evaluation of the antibacterial performance

To explore the antibacterial activity of as-combusted
Ni0.5Zn0.5Fe2O4 nanoparticles, E. coli and S. aureus was utilized as a
bacterium. For this purpose, as-prepared single-phase Ni0.5Zn0.5Fe2O4

particles with high saturation magnetization (Ms≥40 emus/g) i.e.
F0.8U1G3, F0.8U0G1, F1.4U1G3, F1.4U0G1, and F1.4U1G0 samples, were
considered as antibacterial samples. Moreover, the particle size dis-
tribution of selected samples was evaluated. Table 5 represents the
average particle size of selected samples for antibacterial analysis. As
can be observed in the Table, the particle size of the samples ranged
from 11 nm to 30 nm. Such particle size distribution reveals that the
selected samples could perform as antibacterial material. The anti-
bacterial performance of as-synthesized samples against gram-negative
bacterium E. coli and gram-positive bacterium S. aureus are illustrated
in Fig. 10a and b, respectively. According to Fig. 10a, F0.8U1G3 sample
displayed the highest inhibition rate of 100% at 0.25mg/mL against E.
coli bacterium. The highest inhibition rate of 100% against S. aureus
bacterium is exhibited by F1.4U1G0 sample at the concentration of
0.125mg/mL (Fig. 10b). Comparing the above results along with lit-
erature results showed that co-substitution of Zn and Ni components in
the structure of ferrite positively enhanced the antimicrobial perfor-
mance of Ni–Zn ferrite nanoparticles. Note that the inhibition rate of all
synthesized Ni0.5Zn0.5Fe2O4 nanoparticles is higher than that of other
metal substituted ferrites that reported in the literature [50]. Sanpo
et al. investigated the bactericidal effect of synthesized transition-metal
substituted cobalt ferrite nanoparticles via sol-gel route against E. coli
and S. aureus bacteria [5]. Obtained results indicated that the anti-
microbial activity of nickel-doped cobalt ferrite exhibited higher in-
hibition rate against both E. coli (70%) and S. aureus (90%) bacterium
in comparison with zinc-doped cobalt ferrite (50% & 70%). It is im-
portant to note that the antibacterial activity of Ni0.5Zn0.5Fe2O4 nano-
particles highly depends on the concentration of nanoparticles as well
as the particle size. According to Fig. 10a and b, the inhibition rate of E.
coli bacterium is decreased when the concentration of Ni0.5Zn0.5Fe2O4

nanopowders decreased from 0.25mg/mL to 0.125mg/mL. However,

decreasing the concentration of Ni0.5Zn0.5Fe2O4 powders from 0.25mg/
mL to 0.125mg/mL increased the bactericidal effect of Ni–Zn ferrite
particles against S. aureus bacterium (Fig. 10b). Several authors sug-
gested that metallic nanoparticles exhibit antibacterial activity rely on
their particle size as well as the structure and chemical composition of
the cell wall of the bacterium [50]. Various mechanisms for the bac-
tericidal effect of nanomaterials are reported in the previous studies.
Generation of reactive oxygenated species (ROS) i.e. O2

• , HO•, and
H2O2, from the surface of nanomaterials is the most accepted me-
chanism for the antibacterial action of nanomaterials [51,52]. These
highly reactive species penetrate the cell wall of bacteria resulting in
the cell devastation [53]. The release of oxidation cations such as Ni2+,
Mn2+, Zn2+, Ag+, Fe3+, etc., from metal oxide nanoparticles, is re-
ported as the corresponding mechanism for the antimicrobial action of
ceramic nanoparticles against various microorganisms [54]. Another
proposition maintains that strong electrostatic interactions between
nanoparticles (particles having a size larger than 10 nm) and bacterial
cells contribute to the bactericidal effects of nanomaterials [55,56]. The
strong electrostatic interactions result in the accumulation of nano-
powders on the outer surface of the bacterium plasma membrane
leading to the surface tension. Such surface tension causes membrane
depolarization, membrane disruption, leakage of the intracellular
components, and cell death [57,58]. For a better understanding, the
schematic of the different antibacterial mechanisms is represented in
Fig. 11. Based on the above-said mechanisms, the desirable bactericidal
effect of the synthesized Ni0.5Zn0.5Fe2O4 could arise from one or all of
these mechanisms. Referring to Table 5, the average particle size of the
samples is in excellent agreement with the mechanism mentioned
above. It can be inferred that the accumulation of the synthesized
Ni0.5Zn0.5Fe2O4 particles on the surface of the bacterium cell could be
the leading factor for such antibacterial activity. In addition, the lib-
eration of Ni2+, Zn2+, and Fe3+ ions from synthesized nanopowders
might be another mechanism for such antimicrobial performance.
However, further investigation is required to determine the exact me-
chanism relating to the antimicrobial activity of combusted
Ni0.5Zn0.5Fe2O4 nanoparticles.

Fig. 6. FESEM images of synthesized nanoparticles at various fuel to oxidizer ratio utilizing single and mixed fuels.
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Fig. 7. The EDS spectra of synthesized samples using glycine at (a) φ=0.8, (b) φ=1, and (c) φ=1.4.

Fig. 8. a) EDS spectra and (b) elemental mapping of F1.4U1G0 sample.
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3.7. Photocatalytic degradation of methylene blue

The selected samples for antibacterial analysis were also considered
as photocatalyst samples to evaluate the photoactivity of obtained
Ni0.5Zn0.5Fe2O4 nanoparticles. During the elimination process of con-
tamination, molecules can be eliminated through adsorption and/or
photocatalytic processes. Therefore, in order to evaluate the photo-
activity of the selected samples, the optical properties of these samples
were explored using UV–visible absorption spectroscopy, and the re-
sults represented in Fig. 12. As shown in Fig. 12, no sharp absorption
peak attributing to Ni0.5Zn0.5Fe2O4 can be observed in the wavelength
range studied in this investigation. Optical band gaps of the samples
were estimated using the Tauc relationship. The value of optical band
gap is illustrated as an inset in Fig. 12, as well. The observed energy
band gaps of the selected samples are summarized in Table 6.

According to Table 6, the energy band gap of all samples is about 2.2
-2.4 eV. Such narrow band gap indicates that these samples can absorb
visible solar energy [59]. To evaluate the photocatalytic performance of
the selected samples, methylene blue (MB) was utilized as the model
dye. The photocatalytic experiments were carried out under sunlight
irradiation utilizing 15M methylene blue solution. Fig. 13a indicates
the degradation percentage of MB via Ni0.5Zn0.5Fe2O4 powders as a
function of irradiation time. As shown in Fig. 13a, the degradation
percentage of MB by F0.8U1G3, F0.8U0G1, F1.4U1G3, F1.4U0G1, and
F1.4U1G0 samples after 4 h of reaction is about 82%, 83%, 86%, 84%,
and 85%, respectively, which is higher than that of reported (60%) for
synthesized Ni0.5Zn0.5Fe2O4 particles by previous researchers [4]. With
respect to the similarity of the degradation percentages, the kinetic
analysis of removal of methylene blue was conducted to provide deeper
insight through the photocatalytic performance of the samples. Fig. 13b
represents the kinetic linear curves of the methylene blue's photo-
catalytic removal via as-prepared powders. It can be observed that the
photocatalytic degradation rate of MB molecule follows the first-order
kinetics model based on the following equation:

Ln C/C0= -kt

Fig. 9. a) Magnetization curves at room temperature and (b) saturation mag-
netization value of all synthesized nanoparticles.

Table 5
Particle size distribution of selected samples for antibacterial analysis.

Sample F0.8U0G1 F0.8U1G3 F1.4U0G1 F1.4U1G3 F1.4U1G0

Average particle size (nm) 18 11 27 26 30

Fig. 10. Antibacterial performance of as-synthesized nanoparticles against (a)
E. coli and (b) S. aureus bacterium.
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Where C0 is the initial concentration of methylene blue (mg/l), C is
the concentration of the MB at different interval times (mg/l), k is the
reaction rate constant (mg/(l min)), and t is the sunlight irradiation
time (min). According to Fig. 13b, the slope of curve fitting lines gives
the rate constant for degradation of methylene blue. Accordingly, the
degradation rate order of samples is as follows:
F0.8U1G3 < F1.4U0G1 < F0.8U0G1 < F1.4U1G3 < F1.4U1G0 revealing
that as-synthesized Ni0.5Zn0.5Fe2O4 nanoparticles using urea at φ=1.4
possesses the highest degradation rate in comparison with the other
combusted nanopowders. Based on the literature reviews,

photocatalytic reactivity of powders is affected by the crystallinity of
the particles [60]. Referring to Table 3, the higher photocatalytic ac-
tivity of F1.4U1G0 sample could be due to its high crystallinity (74.4%).
It can be inferred that F1.4U1G0 is the most active sample rely on its high
degradation rate and degradation percentage in comparison with the
other synthesized samples. In addition, recent studies proposed that
lattice distortion significantly improves the photocatalytic activity [61].
According to Table 3, the as-prepared F1.4U1G0 sample is lattice-dis-
torted (lattice constant equal to 8.36 Å) which justifies its desirable
photocatalytic efficiency. The absorption spectrum of F1.4U1G0 sample
is presented in Fig. 13c. There is considerable degradation of MB dye
(32%) under the dark condition. Such degradation percentages under
the dark condition imply that MB molecules were mainly degraded
through adsorption process on account of the high surface area and
high crystallinity of this sample. After applying the sunlight, it can be
inferred that both adsorption and photocatalytic processes were re-
sponsible for MB degradation in the presence of solar light. Based on the
literature reviews, the photocatalytic activity of the nanoparticles at-
tributes to the enhancement of photoinduced carriers (electron (e-) and
hole (h+)) due to increasing of the separation efficiency via electronic
interaction [4]. The sensitivity of Ni0.5Zn0.5Fe2O4 particles to daylight
irradiation (narrow band gap-Table 6) forms the basis for degradation
of dye molecules. During daylight irradiation, an electron is exited from
VB to CB leading to the formation of electron-hole pair (photoinduced
carrier). The generated photoinduced carriers move to the surface of
nanoparticle resulting in the degradation of dye through the reaction
between the photoinduced carrier and adsorbed species. The interac-
tions between electron-hole pair and adsorbed species are presented
below (equations (1)-(6)) to gain deeper insight into the degradation
mechanism of methylene blue (MB). As can be seen, the reactions be-
tween photoinduced carriers ((e-) and (h+)) between H2O, O2, and OH
result in the formation of free radicals, i.e. OH• and O2

• , which are
responsible for the degradation of MB [4,62].

+e O O2 2
• (1)

+ +O H O HO OH2
•

2 2
• (2)

++h OH OH• (3)

+ +HO H O H O OH2
•

2 2 2
• (4)

Fig. 11. Schematic of various possible mechanisms for antibacterial activity of synthesized powders.

Fig. 12. UV–visible spectra of the selected samples for photocatalytic analysis.

Table 6
Energy band gap of selected samples for photocatalytic analysis.

Sample F0.8U0G1 F0.8U1G3 F1.4U0G1 F1.4U1G3 F1.4U1G0

Energy band gap (eV) 2.2 2.3 2.4 2.4 2.4
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H O 2 OH2 2
• (5)

+ +OH MB CO H O•
2 2 (6)

In order to give a deeper elaboration of such high MB degradation
percentage by F1.4U1G0 sample, BET analysis was applied to this
sample. Fig. 13d exhibits the nitrogen adsorption-desorption isotherm
of synthesized F1.4U1G0 sample. According to the International Union of
Pure and Applied Chemistry (IUPAC), the adsorption-desorption iso-
therm of the as-combusted sample is classified as type IV with H3
hysteresis loop revealing the mesoporous nature of particles [63,64].

Synthesized nanopowder shows a significant specific surface area of
150m2/g (higher than that of reported in the literature) with an
average pore diameter of 2.1 nm. It is documented that liberation of a
large amount of reaction gases during the synthesis process results in
the fragmentation of the large particles and enhances the surface area of
the prepared powder [30–32,65]. As explained before, the mode of the
combustion reaction related to F1.4U1G0 sample was smoldering with
the liberation of a large amount of gases which justifies its significant
surface area. Furthermore, the BJH pore size distribution which is de-
picted as an inset in Fig. 13d indicates that the obtained powder has

Fig. 13. (a) Degradation percentage of MB in the presence of synthesized samples, (b) kinetic linear curves of MB's photocatalytic removal via as-prepared powders,
(c) absorption spectra of F1.4U1G0 sample, (d) nitrogen adsorption-desorption isotherm of synthesized F1.4U1G0 sample, and (e) TEM image of sample F1.4U1G0.
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pore size distribution ranged between 5 nm and 13 nm. Fig. 13e dis-
plays the TEM image of F1.4U1G0 sample. As shown in the figure, syn-
thesized powders were agglomerated with irregular shape and average
particle size of 30 nm. According to the literature reviews, small par-
ticle size, high surface area, and large pore diameter improve the
photocatalytic performance, where large pore diameter of particles fa-
cilitate the surface diffusion of MB molecules (1.5 nm) and subse-
quently enhanced the degradation of dye molecule [13,60]. It can be
inferred that substantial surface area (150m2/g), small particle size
(30 nm), high crystallinity, and desirable average pore diameter
(2.1 nm) of F1.4U1G0 sample are the main factors responsible for its
significant photocatalytic performance.

3.8. Oxygen vacancy evaluation

A recent study in 2019 by Kermani et al. indicated that SCS pro-
cedure results in the formation of oxygen vacancies in the synthesized
powders which improves the physical and chemical properties [25].
This study also suggested that the amount of generated oxygen va-
cancies can be theoretically calculated through a thermodynamic
model. In order to anticipate the magnetic, photocatalytic, and anti-
bacterial properties of combusted Ni0.5Zn0.5Fe2O4 powders, the amount
of generated oxygen vacancies in all synthesized particles were calcu-
lated using Kermani's model. The obtained results are presented in
Table 7. As shown in the Table, at constant φ value, the higher amount
of oxygen vacancies is generated in the combusted particles using a
high molar proportion of urea (these samples are marked by star sign in
the Table). Referring to Fig. 1, for each set of φ, the high molar pro-
portion of urea generated the highest combustion temperature and
subsequently resulted in the formation of high oxygen vacancy in the
marked samples comparing to the other samples [27]. A brief com-
parison of the calculated oxygen vacancies with magnetic, photo-
catalytic, and antibacterial results is as follows:

1. Theoretical calculations (Table 7) demonstrate that synthesized
samples at φ<1 should exhibit better magnetic behavior due to the
presence of the higher amount of oxygen vacancies comparing to
combusted samples at φ=1 and φ>1. However, magnetic results
indicated that synthesized samples at φ=1 and φ>1 using the fuel
mixture with the high molar proportion of urea displayed higher Ms

value. Based on Kermani's model, although synthesized samples at
φ< 1 have theoretically higher oxygen vacancies, decrement of
reaction intensity at φ<1 (smoldering mode-Fig. 3a) led to the

Table 7
The concentration of oxygen vacancies in the structure of synthesized samples.

Sample Total pressure of released
gases from SCS chamber
(Pa)

Ov max, (ξ * 10-5) Sample with maximum
oxygen vacancy

F0.8U0G1 43497.3 2.65391
F0.8U1G3 44246.47 2.65472
F0.8U1G1 45172.05 2.65567 *
F1U0G1 29070.33 2.63067
F1U1G3 29722.72 2.63176
F1U1G1 30699.5 2.63336
F1U3G1 32223.18 2.63578 *
F1.4U0G1 34162.56 2.63994
F1.4U1G3 35295.51 2.64163
F1.4U1G1 36872.06 2.64389
F1.4U3G1 39298.43 2.6472
F1.4U1G0 43038.71 2.65193 *

Fig. 14. Contour plots indicating the correlation between crystallinity percentage and particle size of synthesized nanopowders and a) degradation percentage of MB,
b) photodegradation rate, and c) bactericidal efficiency.
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formation of the lower amount of oxygen vacancies in these sam-
ples.

2. Among synthesized samples at φ=1 and φ>1, F1.4U1G0 sample
exhibited the highest Ms value which is in excellent agreement with
the calculated oxygen vacancy generated in this sample.

3. Referring to antibacterial results, the sample with the highest
oxygen vacancy (F1.4U1G0 sample) displayed a significant bacter-
icidal effect against both E. coli and S. aureus bacterium in com-
parison with other samples.

4. According to the photocatalytic results, F1.4U1G0 sample displayed
better photocatalytic activity comparing to the other samples. Such
photocatalytic performance is in accordance with the amount of
generated oxygen vacancies in this sample.

3.9. Contour plot presentation

An alternative approach to present the correlation between powders
characteristics and photocatalytic-antibacterial activity is to generate a
contour plot. Fig. 14(a-c) illustrates the correlation between crystal-
linity percentage and particle size of powders with the degradation
percentage, degradation rate of MB molecule as well as the bactericidal
effect of synthesized Ni0.5Zn0.5Fe2O4 nanoparticles, respectively. As
indicated in Fig. 14a, degradation percentage is influenced by both
crystallinity percentage and particle size. The highest degradation is
observed when the crystallinity and particle size are approximately
ranged between 25 and 30 nm and 60%–70%, respectively. Fig. 14b
shows that the degradation rate is more likely affected by crystallinity
percentage rather than particle size in that higher crystallinity is led to
higher degradation rate. Note that the optimum conditions given in
Fig. 14b for the highest degradation rate is crystallinity percentage of ≥
70% and 20-30 nm particle size. Fig. 14c implies that particle size is the
leading factor that affects the bactericidal effect of synthesized nano-
powders comparing to crystallinity percentage. The optimum condi-
tions for high antibacterial activity are as follows: particle size< 18 nm
and crystallinity percentage<65%.

4. Conclusion

Ni0.5Zn0.5Fe2O4 nanoparticles with high photocatalytic and anti-
bacterial performance were synthesized by solution combustion
synthesis (SCS) procedure using urea and glycine at various fuel to
oxidizer ratio (φ=0.8, 1, and 1.4). Experiments were carried out
through single-fuel and complex fuel systems. Varying the SCS para-
meters, i.e. fuel type, φ value, and mixed fuels, determines the effect of
SCS factors on physicochemical properties, bactericidal effect, and
photocatalytic performance of obtained nanopowders. Obtained results
indicated that the physical and chemical features of synthesized pow-
ders are influenced by SCS parameters (combustion temperature,
combustion mode, and generation of gaseous products). These three
factors were strongly affected by fuel to oxidizer ratio, fuel type, and
fuel amount which subsequently overshadowed the final properties of
prepared powders. Results of XRD, FTIR, EDS, and elemental mapping
analysis implied that the formation of single-phase product relied on
the φ value wherein the single-phase Ni0.5Zn0.5Fe2O4 obtained at
φ=0.8 and some of the synthesized samples at φ=1.4. As-combusted
Ni0.5Zn0.5Fe2O4 nanopowders exhibited promising saturation magneti-
zation of 67 emus/g (without further sintering procedure) which was
higher than that of synthesized Ni0.5Zn0.5Fe2O4 particle via SCS method
by prior researchers. Photocatalytic evaluation of obtained nano-
particles exposed their remarkable photodegradation of methylene blue
(85%). Antibacterial evaluation of particles indicated 100% growth
inhibition with the minimum inhibitory concentration of 0.25mg/mL
and 0.125mg/mL against E. coli and S. aureus bacterium, respectively.
High specific surface area (150m2/g), high crystallinity, and lattice-
distorted structure of synthesized particles are the leading factors for
such photoactivity and antibacterial performance.
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