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Nickel ferrite nanopowders were obtained under conditions of solution combustion with the addition of various types of organic fuels (glycine,
ascorbic acid, oxalic acid, and malic acid) and studied as photocatalysts in the photodegradation of methylene blue. Photocatalytic measurements
were carried out under the action of visible light in model dye solutions. The highest photocatalytic activity was found in the case of a sample
synthesized using malic acid as a fuel and in which the largest specific surface area (128.1 m?2/g) and the smallest particle size (18 nm) were
observed. The obtained dependences of the photocatalytic activity of the synthesized samples demonstrate its strong dependence on morphological
and structural parameters. Thus, with an increase in the particle size and a decrease in the specific surface area, a decrease in the efficiency of a
photocatalyst based on nickel ferrite is observed. In addition, the use of various types of fuels made it possible to obtain aggregates of various

shapes and sizes up to several tens of micrometers. The resulting rate constants were established to vary from 0.00756 to 0.00867 min—1.
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1. Introduction

In recent years, a large amount of research has been directed to the study of ferrites of various structures and
compositions due to the combination of their unique magnetic and electromagnetic properties [1-3]. Thus, classical
spinel ferrites are widely used in various fields of production of electrical equipment [4], magnetic storage media [5],
and sensors [6]. In addition, to date, new areas of application of this type of materials have begun to appear, related
to medicine, catalysis, biotechnology, etc. [7-9]. Special attention is paid to using ferrites as photocatalysts in various
reactions of photodegradation under visible light [10, 11] due to the possibility of their magnetic separation caused
by pronounced ferrimagnetic behavior [12]. The importance of these processes lies in the possibility of removing
various types of organic pollutants from natural or industrial water sources and converting solar energy into chemical
energy [13]. Most often, single-component semiconductors or conductors based on heterostructures such as zinc and
titanium oxides together with bismuth oxide are used as materials for photocatalysis [14-16].

Among all the variety of spinel ferrites, nickel ferrite stands out, which has pronounced photocatalytic properties
[17,18]. The functional properties of NiFe;O4 primarily depend on the features of its crystal structure. Nickel ferrite
belongs to the class of inverted spinels and its general structure can be written as follows: ([Fe3t]4[Ni2t,Fe3t] 5)204.
It is known that, depending on the synthesis conditions, Ni?* cations can be located in both tetrahedral and octahedral
positions, thereby changing the cation distribution [19]. This, in turn, can significantly affect both the magnetic and
photocatalytic properties of the obtained samples [20]. To date, a large number of works have been published in which
nickel ferrite nanoparticles were synthesized by sol-gel method [21], hydrothermal method [22], solution combustion
method [23], mechanochemical synthesis [24], etc. A distinctive feature of the above methods is the ability to carry out
the targeted synthesis of nanostructures with controlled particle size and shape as well as morphological and structural
features [25]. Different varieties of solution combustion methods stand out, which, due to their simplicity [26] and the
possibility of industrial scaling [27], are one of the most popular methods for obtaining nanostructured spinel ferrites of
various compositions [28]. An important property of combustion methods is the large number of synthesis parameters,
the variation of which makes it possible to change the structural and functional characteristics of the resulting powders
across a wide range of values. In addition, this synthesis method is capable of providing the obtained products in high
purity [29].

One of the key parameters of the solution combustion synthesis is the choice of organic fuel acting as both a
chelating agent and a resource that ensures the course of the autoignition process. At present, a large number of
various organic substances are known that can act as a fuel, among which glycine, ascorbic, oxalic, and malic acids are
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distinguished [30]. Each of these compounds has its effect on the initial reaction solution and provides different values
of the crystallinity degree and particle size of the synthesized product. It is known that for catalysts and photocatalysts,
morphological features are especially important, including the values of specific surface area and average particle size,
on which their functional properties largely depend [31]. Often, within the framework of the classical single-phase
method of solution combustion, even due to the selection of various types of organic fuels, it is difficult to obtain
particles with a size less than 15-20 nm and a specific surface area of more than 40-50 m?/g. To solve this problem,
the authors of this work proposed a two-stage synthesis technique based on thermal treatment of X-ray amorphous
combustion products, which consists in the synthesis of the initial powder with a significant lack of fuel and further
mild heat treatment at 500-700 °C. This technique has been repeatedly and successfully used to synthesize many
systems of REE orthoferrites and spinel ferrites and has shown its high efficiency, including for the production of
thermocatalytic and photocatalytic materials [32-34].

Therefore, the presented work is devoted to the study of the photocatalytic activity of pure nickel ferrites syn-
thesized by the solution combustion method with the addition of various types of organic fuels (with their significant
deficiency) and heat-treated at 600 °C. All synthesized samples were investigated by XRD, SEM, EDX, and ASA
methods, and their photocatalytic activity was tested using the model photodegradation of methylene blue.

2. Experimental

The following compounds were chosen as the initial reagents for the synthesis: Ni(NO3)2-6H5O (puriss., NevaRe-
activ), Fe(NO3)3-9H50 (puriss., NevaReactiv), CHoNHy,COOH (puriss., NevaReactiv), C¢HgOg (puriss., NevaReac-
tiv), CoHsOy (puriss., NevaReactiv) and C4HgOs (puriss., NevaReactiv). The starting reagents were taken following
the reaction of the formation of the final product. Organic fuels were utilized in a 2.5-fold excess compared to reaction
stoichiometry to obtain a completely X-ray amorphous powder.

The reaction solution was prepared by dissolving the reagents in 50 ml of distilled water with constant mechanical
stirring and heating to 25 °C. To prevent the hydroxide precipitation of transition metals, the solution was acidified
with a small amount of 3M HNOj3. After complete dissolution of the initial reagents, the solution obtained in this way
was placed on a hot plate until the water was completely removed. After reaching the autoignition point, abundant
evolution of gaseous reaction products and the formation of a brown solid product were observed. The synthesized
powder was mechanically ground and thermally treated aerobically at 600 °C for 6 hours to remove unreacted organics
and form a crystalline phase. The synthesis procedure is described in more detail in [35].

The obtained NiFeoO4 nanopowders were analyzed by powder X-ray diffractometry, scanning electron mi-
croscopy, energy-dispersive spectroscopy, and adsorption-structural analysis. Powder X-ray diffractometry was per-
formed using a Rigaku SmartLab 3 diffractometer using the Rigaku SmartLab Studio II software package and an
ICDD PDF 2 powder database. Scanning electron microscopy and energy dispersive spectroscopy were performed
using a Tescan Vega 3 SBH instrument equipped with an Oxford INCX X-ray spectral microanalysis attachment.
The adsorption-structural analysis was carried out using a Micromeritics ASAP 2020 instrument. Spectrophotometric
measurements were carried out using a Shimadzu UV-1800 spectrophotometer. Methylene blue was chosen as a model
dye. The 25 ppm dye stock solution was prepared in 50 ml of distilled water. Photocatalytic tests were carried out by
adding a single number of synthesized powders to dye solutions and spectrophotometric analysis of a 5 ml sample in
10-minute steps.

3. Results and discussion

Figure 1 shows diffraction patterns of nickel ferrite samples synthesized by the solution combustion method with
the addition of various types of organic fuels (glycine, ascorbic acid, oxalic acid, and malic acid). The data obtained
indicate that in all synthesized samples, a pure phase of nickel ferrite is observed. According to the Scherrer formula,
the average crystallite size of the synthesized ferrites was calculated, which ranged from 18 to 27 nm. The smallest
size is observed in the case of the sample synthesized with the addition of malic acid (18 nm), while the largest is in
the sample obtained using glycine (27 nm). It should be noted that the samples synthesized with the addition of oxalic
acid and ascorbic acid had an average crystallite size close to that of malic acid, which is 20 and 21 nm, respectively.
The absence of visible displacements of the main diffraction maxima and the equality of the unit cell parameters of all
synthesized powders (8.338(5)-8.339(1) A) make it possible to assert that their crystal structure is identical.

The elemental analysis and morphology of the synthesized NiFe,O,4 samples were studied by energy dispersive
analysis and scanning electron microscopy (SEM). SEM micrographs of the samples are shown in Fig. 2.

According to EDX data, all the obtained powders correspond to the calculated composition within the error of the
determination method (Fe:Ni = 50:50 at. %). According to the obtained micrographs, the morphology of nickel ferrite
changes significantly depending on the type of fuel used. So, in the case of glycine, large aggregates with a size of
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F1G. 1. PXRD patterns of the NiFeoO,4 synthesized by the solution combustion method using
glycine (Gly), ascorbic acid (AsA), oxalic acid (OxA), and malic acid (MaA)

F1G. 2. SEM images of the NiFe;O4 nanopowders synthesized using solution combustion and dif-
ferent fuels — glycine (a), ascorbic acid (b), oxalic acid (c), and malic acid (d)
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10-20 microns are formed, consisting of well-sintered particles of submicron and nanometer sizes with a pronounced
shape. In turn, the rest of the samples consist of particles of a much smaller size and have aggregates of a different
shape and smaller size. An exception is a sample obtained with ascorbic acid, which has individual aggregates up to
35-40 microns in diameter, which, however, consist of particles of much smaller size than in the case of glycine.

The specific surface area of the synthesized powders was determined according to the data of low-temperature
sorption-desorption of nitrogen, the results of which are shown in Fig. 3. It follows from the obtained data that all
isotherms correspond to IV-type with hysteresis loops belonging to the H3-type according to the IUPAC classification.
This appearance of the isotherms allows us to conclude that the obtained samples are highly porous, which is also
confirmed by the data of scanning electron microscopy.

130
120 -
110-
100 -
90 -
80 -
70 -
60 -
50 -
40
301
201
o+
00 01 02 03 04 05 06 07 08 09 1.0

PPy

Specific surface area, m%/g

V4o cm’/g STP

FI1G. 3. Low-temperature nitrogen adsorption-desorption isotherms of synthesized nickel ferrite

The specific surface area calculated using the BET model was from 106.8 to 128.1 m?/g, depending on the
composition of the initial reaction medium. The smallest values were found in the case of nickel ferrite synthesized
under the conditions of glycine-nitrate combustion, which agrees with the data of average crystallite size (the largest
average crystallite size was observed for this sample). The most developed morphology and high specific surface
area were observed for the samples synthesized with the addition of malic and oxalic acid (128.1 and 125.3 m?/g,
respectively). It should be noted that this regularity is also explained by the average crystallite size, which reached the
smallest values in these two cases. A slight decrease in the specific surface area for a sample burned in the presence
of ascorbic acid is explained by the peculiarity of its morphology and the presence of large aggregates up to 40 um in
size in its composition (Fig. 2b).

Photocatalytic reactions involving nickel ferrite are described in detail in the literature. Excited electrons present
in the valence region pass into the conduction band, thus forming radicals of the O?~ type due to interaction with O
molecules. At the same time, water molecules can react with the formed vacant holes in the valence band and form
hydroxyl radicals of the -OH type having high activity and capable of adsorbing various organic pollutants on their
surface. In this work, methylene blue was chosen as a model dye to evaluate the photocatalytic activity of nickel ferrite
nanopowders.

Figure 4 show the raw results of photocatalytic tests of the synthesized samples. According to the data obtained,
one absorption peak of the dye at 660 nm was observed in all samples. With the inclusion of UV light, the peaks
under the action of the present catalysts began to gradually decrease, which confirms the photocatalytic activity of all
synthesized powders. The most intense decrease was observed in the initial period of UV treatment (transition from O
to 10 minutes). Then, the decrease in the peaks slowed down, which is explained by the attainment of equilibrium and
the peculiarity of the filling of active centers on the surface of the photocatalysts.

The percentage of decomposition of dyes ranged from 82.3 to 86.4 %, depending on the type of fossil fuel used
to synthesize nickel ferrite nanoparticles (Fig. 5). The highest values were observed in samples obtained using malic
acid and oxalic acid due to the high specific surface area and small particle size. In turn, the sample synthesized with
glycine showed the worst indicators of photocatalytic activity, which, nevertheless, remained at a sufficiently high



796 K. D. Martinson, V. E. Belyak, D. D. Sakhno, et al.

)0,150 - Glycine b)o.lso - Ascorbic acid
0.1354 0 min 0.135 0 min
—— 10 min —— 10 min
0.120+ ——20 min 0.1207 ——20 min
0.105 ——30 min 0.105 30 min
——40 min ——40 min
0.090 1 50 min 0.0901 — 50 min

— 60 min — 60 min

Absorbance, a.u.
o
=Y
~
o
L
Absorbance, a.u.
=)
=
3
&
!

0.045 - 0.045 -
0.030 4 0.030
0.015 0.015 4
0.000 + T T T T T T T T T 1 0.000 -+ T T T T T T R e
525 550 575 600 625 650 675 700 725 750 775 525 550 575 600 625 650 675 700 725 750 775
Wavelength, nm Wavelength, nm
)o, 150 Oxalic acid d 0.150 - Malic acid
0.135 4 0 min )0A135- —— 0 min
—— 10 min —— 10 min
0.120 A — 50 min 0.1204 ——20 min
. 0.105 4 e 4 0.1054 v
Z —40 min = —40 min
g 0.090 —— 50 min £l 0.090 4 — 50 min
_‘.E 0.075 A 60 min g 0.075 — 60 min
]
§ 0.060 £ 0.060 4
< <
0.045 0.045
0.030 0.030
0.015 4 0.015
0.000 -+ T T T T T T T T — 1 0.000 -+ T T T T T T T T 1
525 550 575 600 625 650 675 700 725 750 775 525 550 575 600 625 650 675 700 725 750 775
Wavelength, nm Wavelength, nm

F1G. 4. Photodegradation of methylene blue over NiFe,O,4 samples synthesized using: glycine (a),
ascorbic acid (b), oxalic acid (c), and malic acid (d)
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F1G. 5. Initial (a) and logarithmic (b) kinetic curves of methylene blue photodegradation over
NiFe,O4 samples synthesized using different fuels

level. The band gap was determined by the diffusion reflectance spectroscopy and it turned out to be identical for all
synthesized samples (2.31 eV). The obtained values of the band gap are in good agreement with the literature [36].

The calculation of the pseudo-first-order rate constant (Fig. 6) showed that its highest values are achieved for
the samples obtained under combustion conditions with the addition of malic acid (0.00867 min_l), while the small-
est values are observed for the sample synthesized with glycine (0.00756 min—!). The obtained data are in good
agreement with the data on the average crystallite size and specific surface area presented earlier and confirm that the
samples synthesized with the addition of oxalic and malic acids are the most promising as photocatalysts.

4. Conclusion

Thus, in this work, nanostructured nickel ferrites were obtained using a solution combustion technique and various
types of organic fuels (glycine, ascorbic acid, oxalic acid, malic acid). It was shown that the morphology significantly
changes depending on the composition of the initial reaction medium and can correspond to aggregates in the range of
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FI1G. 6. Pseudo-first-order rate constant of nickel ferrite samples synthesized using glycine (Gly),
ascorbic acid (AsA), oxalic acid (OxA), and malic acid (MaA)

values from 5 to 40 pm. The highest specific surface area and the smallest particle size were found in samples obtained
using oxalic acid and malic acid. Analysis of photocatalytic activity showed high efficiency of all synthesized samples
in photodegradation of methylene blue reactions.
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