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Photocatalytic and magnetic properties of zinc ferrite nanoparticles
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zinc ferrite powders with a mean particle size from (5.9± 1) to (30.9± 3) nm and a crystal phase fraction

from 62% to 99% were obtained in solution combustion conditions using citric acid as organic fuel with various

oxidizer/reducer ratios. It is shown that ferrite formation starts at the oxidizer/reducer ratio of 0.50, while an almost

fully X-ray amorphous sample with a mean particle size about 6 nm is formed at 0.25. A solid product containing

a single phase — zinc ferrite with a mean particle size of 20−25 nm, is formed in the stoichiometric ratio region of

organic fuel. The highest saturation magnetization (43.8 emu/g), residual magnetization (27.2 emu/g) and coercive

force (336.2Oe) were found in a sample synthesized with an oxidizer/reducer ratio of 1.00, which corresponds to

the stoichiometric amount of citric acid in the reaction solution. A spectrophotometric survey has shown that all

samples facilitated decomposition of an organic dye (rhodamine B). The highest decomposition parameters were

recorded in samples containing impurity oxide phases, have the smallest particle size and high percentage of zinc

oxide crystal phase.
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Introduction

Spinel ferrites have been produced and used in industry

over more than 70 years, however, the interest in these

materials is steadily growing [1]. In terms of structure,

spinel ferrites include compounds corresponding to formula

AFe2O4, where cation A is a bivalent metal (Mn, Co,

Ni, Cu, Zn, etc.). All spinel ferrites feature chemical

and thermal stability, and unique set of magnetic and

electromagnetic properties, due to which materials of this

type are still widely used for a wide range of electronic ap-

plications [2]. Spinel ferrites are usually divided into normal

spinels where eight tetrahedral positions are occupied by

bivalent metal cations, and sixteen octahedral positions are

occupied by trivalent iron cations, and inverse spinels that

are distinctive in that their sixteen octahedral positions are

half-occupied by bivalent metal cations, and the remaining

eight octahedral and eight tetrahedral positions are occupied

by trivalent iron cations [3]. Zinc ferrite is classified as

normal spinel, meaning, in particular, that its inversion

degree is equal to zero [4].

Zinc ferrite applications may be divided into classical and

new ones that started growing rapidly several decades ago.

Classical applications traditionally includes electromagnetic

ceramic materials that mainly use multicomponent zinc

ferrites, primarily zinc manganese ferrites [5]. Many studies

have been published in the field of the effect of dopants

(with bivalent transition metal cations used as such) and it

has been shown that introduction of manganese into the

zinc ferrite lattice considerably improves electromagnetic

properties such as permittivity and dielectric loss angle

tangent [6]. In terms of classical applications, pure zinc

ferrite is of no special interest due to its moderate magnetic

and electromagnetic properties. Nevertheless, rapid devel-

opment of
”
wet chemistry“ and nanostructure chemistry

has resulted in discovery of a lot of new applications

for complex oxide systems in general and zinc ferrite

in particular [7]. Zinc ferrite nanoparticles are currently

widely used as materials for production of sensors and

transducers (for example, for gas detection) [8], in magnetic

hyperthermia [9], catalysis [10] and photocatalysis [11]. For
these applications, streamlined synthesis of nanostructures

with controlled particle sizes, morphology and high specific

surface areas shall be provided. Therefore, development

and investigation of new zinc ferrite nanoparticle production

techniques meeting all above-mentioned requirements are a

highly topical and essential research problem [12].

To date, there are many known techniques that can

be used to produce zinc ferrite nanoparticles for vari-

ous applications. Traditional solid-phase synthesis using

planetary or vibratory mills is still the most common

technique [13]. Its popularity is attributable to the fact that

it is still the main technique in ferrite material production

because of its best scalability [14]. However, despite

the ability to produce, in particular, nanoparticles using

activator mills, the solid-phase synthesis has a number of

significant disadvantages in terms of streamlined synthesis of

nanostructures with controlled properties and with respect

to producing single-phase objects without impurity oxide

phases [15]. Popular techniques for producing complex

oxide system nanoparticles, including spinel ferrites, in-

clude hydrothermal synthesis [16], sol-gel synthesis [17],
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codeposition [18], solution combustion [19], sonochemical

synthesis [20], etc. Solution combustion is currently the

most promising technique, doesn’t require sophisticated

expensive equipment and has good prospects for scaling-

up [21]. In addition, this technique makes it possible

to control many synthesis variables to provide streamlined

nanostructure synthesis [22].

There is a large body of literature that is concerned with

production of zinc ferrite nanoparticles and investigation

of functional properties [1,9,23]. In particular, there is a

number of published studies describing zinc ferrite pro-

duction in solution combustion conditions [4,24,25]. Thus,

in [24], ZnFe2O4 nanoparticles from 19.1 to 113.1 nm in

size were produced by solution combustion using urea as

organic fuel, and photocatalytic properties were studied

in detail on several organic dyes. Disadvantage of the

synthesis technique described in [24] is heat treatment

in air at temperatures from 400 ◦C to 1100 ◦C and the

presence of impurity zinc and iron oxide phases when

treatment from 400 ◦C to 600 ◦C is chosen. Finally, pure

zinc ferrite is formed only at a temperature from 700 ◦C,

which negatively affects the mean particle size (larger
than 40 nm) and, consequently, photocatalytic properties.

Study [25] investigated the influence of various types of

organic fuel (glycine, urea and ethylenediaminetetraacetic

acid) on structural and magnetic properties of zinc ferrite

produced by solution combustion. It has been shown that,

depending on the composition of reaction medium, particles

with sizes from 10 nm to 27 nm, but with sufficiently

small crystal phase fraction and with impurity zinc and iron

oxide phases, were produced. Study [4] that used solution

combustion and sol-gel synthesis versions with citric acid is

the most promising one in terms of producing single-phase

samples. The main idea was in synthesizing initial ferrite

powder with stoichiometric oxidizer/reducer ratio followed

by heat treatment in air at temperatures from 350 ◦C to

1000 ◦C. Therefore, all synthesized powders were free of

impurity zinc and iron oxides, but the mean particle size

was quite large (approximately 50−60 nm).

In this study, zinc oxide nanoparticles were produced

by means of solution combustion with citric acid with

various f — oxidizer/reducer ratio ( f = 0.25, 0.5, . . . 1.5).
Although in recent years several studies have been pub-

lished [4,25] where solution combustion with identical

types of organic fuel was used to synthesize zinc ferrite

samples, the effect of oxidizer/reducer ratio on structural

and functional properties hasn’t been studied in detail

yet. Nevertheless, by varying the fuel amount smaller

particles may be obtained than by varying the heat treatment

temperature of combustion products [26].

1. Experimental

The following precursors were used: Zn(NO3)2 · 6H2O

(99%, Neva-reaktiv), Fe(NO3)3 · 9H2O (99%, Neva-

reaktiv), C6H8O7 (99%, Neva-reaktiv), HNO3 (98%, Neva-

reaktiv) and bidistilled water with resistivity not higher than

5M�·cm. Additional purification of synthesis precursors

was not used.

At the first synthesis stage, zinc and iron nitrates were

weighed in the amount calculated from the reaction of end

product formation, dissolved in 50ml of distilled water

and stirred mechanically during 15min with addition of

several milliliters of 5M nitric acid to prevent formation

of complex impurity compounds. After full dissolution of

crystalline hydrates, citric acid was added with f = 0.25,

0.5, . . . 1.5, where f = 1.00 is the stoichiometric amount

of citric acid calculated from the reaction of formation,

and f = 0.25− 0.75 and f = 1.25 − 1.50 are reaction

solutions with deficiency and surplus of organic fuel,

respectively. The solutions thus prepared were stirred again

during 15min and heated using a ceramic stove to almost

full water removal from solution and until the self-ignition

point was reached to form zinc ferrite with abundant carbon

and nitrogen oxide gas release. The end solid product was

ground in a ceramic mortar and heat treated in air at 500 ◦C

for 1 h.

The morphology and chemical composition of the syn-

thesized powders were analyzed using energy-dispersive

spectroscopy and scanning electron microscopy on the

Tescan Vega 3 SBH scanning electron microscope and

Oxford INCA accessory. Phase composition analysis and

X-ray diffraction analysis were performed by powder X-ray

diffractometry using the Rigaku SmartLab 3 diffractometer

with CuKα1 radiation (0.154056 nm) at 40 kV and 30mA

and 2θ from 10 to 80◦, at 0.01◦ intervals and integration

time of 3 s. The recorded diffraction patterns were processed

in Rigaku SmartLab Studio II, phase composition was

determined using ICDD PDF-2 database. Mean crystallite

size was calculated using the Scherrer equation:

D =
k · λ

β · cos θ
,

where k is the crystal shape factor (in isometric approxi-

mation was set to 0.94), λ is the X-ray wavelength (CuKα,

λ = 0.15406 nm), β is the diffraction maximum broadening

(in radians), θ is the diffraction maximum position (Bragg
angle).

Magnetic parameters of the zinc ferrite samples were

analyzed using the Lake Shore 7410 vibration magnetome-

ter at room temperature (298 K) in the field range up to

60,000 Oe with a standard cell. The Shimadzu UV-1800

spectrophotometer was used for spectrophotometric mea-

surements with rhodamine B used as a model dye. For

spectrum measurement, 10mg of initial samples was added

to 50ml of dye solution with a concentration of 25mg/kg.

The solutions thus prepared were stirred for 15min in total

darkness and then irradiated by 18W deuterium discharge

lamp for 50min. Solutions were sampled at 10 min intervals

to measure corresponding spectra.
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Figure 1. Microphotographs of zinc ferrite synthesized by solution combustion with citric acid at f = 1.00 (a−d), histograms of particle

size distribution with different f (e).

2. Findings and discussion

2.1. Chemical composition and morphology

Figure 1 shows zinc ferrite powder microphotographs

and mean particle size distribution histograms recorded in

ImageJ. In terms of morphology, all synthesized compo-

sitions represent a typical pattern of solution combustion

solid products. This is illustrated by microphotographs

with morphology of the ZnFe2O4 sample synthesized with

f = 1.00. It can be seen that the sample morphology

consists of micron-size agglomerates from 5 to 0.5 µm

(Figure 1, a−c) that in turn consist of 15−20 nm particles

(Figure 1, d). The smallest mean particle size is observed

in a sample synthesized with significant deficiency in citric

acid ( f = 0.25) and is equal to 5.92 nm, which is explained

by combustion mode and temperature depending on the

organic fuel amount. It is known [21,27] that depending

the oxidizer/reducer ratio, flame temperature may vary

on average from 400 ◦C to 900 ◦C, moreover, combustion

mode may also vary from glow to overall and surface

combustion. As the amount of citric acid in the initial

reaction solution increases and, consequently, as the flame

temperature increases, particle size grows to 30.95 nm with

f = 1.50. Thus, the morphology and particle size analysis

shows that the produced zinc ferrite particles have a size

from 5.92 nm to 30.95 nm and a well-developed morphology

typical for complex oxide systems synthesized in solution

combustion conditions.

The table demonstrates elemental analysis of all syn-

thesized powders expressed as metals without considering

oxygen. The findings demonstrate that experimental chem-

ical composition of all zinc ferrite samples agrees with the

design composition within the test method error. The max-

imum differences are observed in samples synthesized with

considerable surplus ( f = 1.25 and 1.50) and deficiency

Chemical composition of zinc ferrite samples expressed as main

components.

Sample, f Zn, at.% Fe, at.%

0.25 32.5 67.5

0.50 33.0 67.0

0.75 32.8 67.2

1.00 33.1 66.9

1.25 32.1 67.9

1.50 32.2 67.8

( f = 0.25) of organic fuel and are likely associated with

the fact that the zinc ferrite formation process with such

ratios takes place incompletely, which was confirmed by the

powder X-ray diffractometry data.

2.2. Phase composition and structural analysis

Phase composition analysis of synthesized compounds

has shown that zinc ferrite formation started f equal

to 0.50 (Figure 2). With f = 0.25, the sample almost

totally consists of X-ray amorphous powder with a small

inclusion of oxide impurity phases (> 4%). It is known

from the literature [28] that formation of zinc ferrite in

solution combustion conditions using nitrates as initial

components takes place in the temperature range from

370 ◦C to 450 ◦C depending on the type of organic fuel. The

absence of typical spinel peaks on the diffraction pattern

of a sample synthesized with considerable fuel deficiency

suggests that the flame temperature with such ratio is lower

than the zinc ferrite crystallization temperature. As the

oxidizer/reducer ratio increases to 0.50, a sample containing

Technical Physics, 2025, Vol. 70, No. 10
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Figure 2. Diffraction patterns (a) and crystallite distribution over the sizes (b) of zinc ferrite nanoparticles synthesized in solution

combustion conditions.
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crystalline and amorphous zinc ferrite phases (JCPDS

card # 08-0234 [29]) is formed, no oxide impurity phases

were detected. Weighted average crystallite size determined

by a fundamental parameter method (Figure 2, b), 9.7 nm,

agrees well with particle sizes determined by visual analysis

of microphotographs (12.41 nm). As the oxidizer/reducer

ratio approaches the stoichiometry point, peak intensity

growth is observed for peaks corresponding to the zinc

ferrite phase, and peak width is reduced, which indicates

the growth of crystal sizes. This also confirms crystallite

distribution over sizes, according to which the mean size

for samples prepared with f = 0.75, 1.00 and 1.25 is equal

to 33.1 nm, 19.8 nm and 21.7 nm, respectively. When

proceeding to the fuel surplus region, a zinc oxide impurity

phase is observed, the fraction of which turns out to be

equal to 19 and 22mass% for samples synthesized at

f = 1.25 and 1.50, respectively. Occurrence of the zinc

oxide phase in these samples is also most likely attributable

to the transition from surface to overall combustion and to

flame temperature variation.

Dependence of mean crystallite sizes determined using

the Scherrer equation, lattice cell parameters and phase

compositions on f are shown in Figure 3. The mean

crystallite size calculated using the Scherrer equation [19]
agrees well with the data obtained using the fundamental

parameter method and visual analysis of microphotographs

(Figure 1, e). Lattice parameter variations suggest that

there is a structural transformation process with f = 0.50

and 0.75, which is likely associated with a number of

physical and chemical transformations in the amorphous

phase consisting of a mixture of uncrystallized ferrite and

unreacted precursors as has been previously illustrated by

the authors using europium orthoferrite [30]. Variation of

phase fraction depending on the chosen fuel/nitrite ratio

demonstrates that with f = 0.50 a considerable amorphous

phase percentage is observed (37%) and decreases almost

to zero in samples synthesized at f = 0.75 and 1.00 (i.e.
close to the stoichiometry point) and then increases almost

to 15% in samples synthesized with fuel surplus. These

data confirm that with f = 0.50 the zinc ferrite formation

and crystallization process takes place incompletely.
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Figure 4. M-H hysteresis loops (a) and dependence of main magnetic parameters (b) on the composition of initial reaction solution.
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Figure 5. Spectra of rhodamine B photodecomposition depending on zinc ferrite nanoparticle synthesis conditions.

2.3. Magnetic parameters

Features of magnetic behavior of synthesized ferrite

nanopowders are defined mainly by the particle size and

structural parameters. Figure 4, a shows magnetic M-H

hysteresis loops of all synthesized samples. A sample

synthesized with f = 0.25, that has the lowest saturation

magnetization, residual magnetization and coercive force,

is especially distinguished. In this sample, the process

of insertion of Zn2+ with magnetic moment between

Zn2+-Fe2+ sites in the spinel lattice was not fully com-

pleted, therefore, there is no magnetic exchange interaction

in Zn2+-O-Fe2+ sites and no Fe3+ transition from Fe2+

positions to Zn2+ positions as well [31]. This is also

confirmed by the powder X-ray diffractometry, from which

it follows that a sample with f = 0.25 was uncrystallized

and is an almost totally amorphous composition with a

particle size of approximately 7 nm. As f and, consequently,

crystallite size and crystal phase fraction increase, increase

in saturation magnetization, residual magnetization and

coercive force are observed. Their maximum is reached with

f = 1.00, where the saturation magnetization is 43.8 emu/g,

Technical Physics, 2025, Vol. 70, No. 10



Photocatalytic and magnetic properties of zinc ferrite nanoparticles 1909

0 20 40 50
0.75

0.85

0.95

0.90

1.00

Time, min

C
/C

0

0.80

3010

f = 0.25

f = 1.50

f = 1.00
f = 1.25
f = 0.75
f = 0.50

a

0 20 40 50

0

0.10

0.25

0.15

0.30

Time, min

–
ln

 (
C

/C
)

0

0.05

3010

f = 0.25

f = 1.50

f = 1.00
f = 1.25
f = 0.75

f = 0.50
b

0.20

0.25 0.75 1.25 1.50
0

0.02

0.05

0.03

0.06

Red/Ox ratio ( f )

P
se

u
d
o
-f

ir
st

-o
rd

er
 r

a
te

–
1

co
n
st

a
n
t,

 m
in

0.01

1.000.50

0.04

0.0144 ±
0.0014

0.0497 ±
0.0050

0.0429 ±
0.0043

0.0337 ±
0.0034

0.0417 ±
0.0042

0.0259 ±
0.0026

c
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reaction in the presence of powders containing nanoscale zinc ferrite particles.

residual magnetization is 27.2 emu/g, and coercive force is

336.2 Oe (Figure 4, b). As f increases towards fuel surplus

in the reaction solution, decrease in the main magnetic

parameters is observed, which is primarily attributable to

the increase in the amorphous phase fraction (∼ 20mass%)
and occurrence of the impurity zinc oxide phase.

2.4. Photocatalytic characterization

Figure 5 shows absorbance spectra of solution containing

Rhodamine B organic dye, after the photodegradation

process in the presence of synthesized zinc ferrite powders.

The findings have shown that the particle sizes and

structural parameters of the synthesized samples had a

significant effect on the photodegradation efficiency. Thus,

notwithstanding that the smallest particle size corresponds

to the sample obtained with f = 0.25, significant reduction

of the absorbance signal in the dye solution was not

observed at 554 nm (which corresponds to the Rhodamine

B absorbance maximum). This feature of photocatalytic

behavior is also associated with the phase composition of

this sample and the absence of a crystalline spinel ferrite

phase. According to the provided data, the most significant

reduction of absorbance peak intensity in zinc ferrite sam-

ples synthesized at f = 0.50, 0.75 and 1.00 was recorded

in the initial treatment period (10min), whilst samples

synthesized with other ratios demonstrated smoother inten-

sity reduction throughout the observation period. This is

attributable to the features of phase composition of samples

synthesized with the oxidizer/reducer ratio of 1.25 and 1.50,

that contain both a significant amorphous phase percentage

and the zinc oxide phase. The highest dye decomposition

percentage (76.7%) was recorded for a sample synthesized

at f = 0.50, which is explained by a small particle size

(12.4 nm) and the presence of one zinc ferrite phase. The

obtained dependences (Figure 6) generally show that the

particle size (and, consequently, specific surface area of

the samples) and phase composition are the key factors

that affect photocatalytic activity. Calculation of the rate

constant (Figure 6, b) has shown that the highest rate

constants are reached for samples synthesized at f = 0.5

(0.0497 ± 0.0050) and 0.75 (0.0429 ± 0.0043), and the

lowest rate constants are observed for a sample synthesized

at f = 0.25 (0.0144 ± 0.0014). The obtained data agree

well with the mean crystallite size and crystalline and

amorphous phase fraction data. From this standpoint,

samples synthesized in the oxidizer/reducer ratio range from

0.50 to 0.75 look as the most promising because they

combine one crystalline zinc ferrite phase, the absence of

impurity zinc and iron oxide phases, and small particle size.

Conclusion

To identify the effect of the oxidizer/reducer ratio on

the morphology, structure, magnetic and photocatalytic

properties, zinc ferrite nanopowders were synthesized in

this study using the solution combustion technique with

citric acid as organic fuel. It has been shown that, depending

on the chosen oxidizer/reducer ratio f , the mean zinc ferrite

particle size varied from 5.9 nm to 30.9 nm. In addition,

Technical Physics, 2025, Vol. 70, No. 10
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it has been found that with f = 0.50, 0.75 and 1.00 a

zinc ferrite sample containing two phases (amorphous and

crystalline zinc ferrite phases) was formed, whilst with

ratios of 1.25 and 1.50 appearance of the impurity zinc oxide

phase is observed. Investigation of magnetic properties has

demonstrated that particles with saturation magnetization,

residual magnetization and coercive force in the ranges from

0.43 to 43.8 emu/g, from 0.05 to 27.2 emu/g and from 12.3

to 336.2 Oe, respectively, could be obtained depending on

the synthesis conditions. Analysis of photocatalytic activity

of the synthesized powders made it possible to determine

the dependence of the degree of organic dye decomposition

on the particle size and degree of crystallinity.
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