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ABSTRACT Magnetite (Fe3O4) and maghemite with an admixture of hematite (γ-Fe2O3/α-Fe2O3) powders
are synthesized via sol-gel process and characterized using XRD, SEM, low temperature nitrogen adsorption,
small-angle X-ray scattering (SAXS) and small-angle polarized neutron scattering (SAPNS). The synthesized
γ-Fe2O3/α-Fe2O3 and Fe3O4 samples are found to be porous systems featuring with a three-level hierarchi-
cally organized structure with different intrinsic scales and aggregation types for each of the structural levels.
For both materials, the intrinsic size of the highest level exceeds 70 nm, and magnetic structure involves super-
paramagnetic particles with a characteristic radius of magnetic-nuclear cross-correlations RMN ≈ 3 nm. The
biological activity of γ-Fe2O3/α-Fe2O3 and Fe3O4 aqueous suspensions in certain concentrations in respect
to seed treatment, growth and productivity of plants was studied using the example of spring barley variety
Leningradsky under adjustable favorable conditions and physical modeling of stress effects (irradiation with
high-intensity UV-B radiation, soil moisture deficiency).
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1. Introduction

Magnetic nanoparticles of iron oxides attract a permanent interest of researchers due to a wide range of applications
in various fields, including magnetic resonance imaging, memory devices, sensors, spintronics, magnetic targeted drug
delivery, biomedicine, and environment decontamination [1–5]. Recently, iron oxide nanoparticles have become of par-
ticular interest for crop production due to a positive effect on the growth, development, and productivity of agricultural

© Khamova T.V., Shilova O.A., Gorshkova Yu.E., Tsvigun N.V., Gerashchenko O.V.,
Baranchikov A.E., Udalova O.R., Zhuravleva A.S., Panova G.G., Kopitsa G.P., 2022



Study of the structure and bioactivity of powdered iron oxides synthesized by sol-gel method 415

plants [6–15]. However, this effect can be ambiguous depending on a certain type of plant cultures, crystalline modifica-
tion of iron oxides, their particle size and concentration in the preparation used to treat plants, as well as the type of plant
culture. Therefore, a thorough study of the influence of iron oxides composition, structure, size and concentration on the
development of various plant cultures is an essential practically important goal.

Various synthesis methods are used to obtain iron oxide powders: chemical precipitation, mechanochemical method,
emulsion method, hydrothermal method, and sol-gel method [16–23]. Each of the above methods has its own advantages
and disadvantages. The advantages of the sol-gel method include the simplicity and low cost of the technological pro-
cess, the high chemical homogeneity of the materials obtained, low temperature of the synthesis and possibility for the
adjustment of the target properties of the resulting materials.

The structure of nanosized magnetic powders, including iron oxides, is commonly characterized using XRD, SEM,
TEM low-temperature nitrogen adsorption techniques. However, these methods provide the information only about the
structural organization on the atomic level. Magnetic properties of such systems are usually studied by such methods
as measuring magnetization of samples depending on the applied magnetic field. Such techniques do not allow any data
about the structure and characteristic dimensions of the magnetic phases in the studied materials. These parameters can be
determined using small-angle polarized neutron scattering (SAPNS) [24,25] affording measurements of magnetic-nuclear
interference scattering [26–29].

In our earlier studies, a positive effect of presowing seed treatment, as well as foliar treatment of plants with sus-
pensions of iron oxide nanoparticles synthesized by chemical precipitation, on the germination of seeds, morphometric
indicators of growth and their biochemical performances of plants was revealed [30]. This paper repots the continuation
of this research in respect to study of the composition and structure of iron oxide powders synthesized by the sol-gel
method and effect of their use on the efficiency of pre-sowing seed treatment of spring barley (Leningradsky variety) at
the early stages of its development and eventually upon the productivity when growing plants under controlled favorable
and stressful conditions.

2. Synthesis and characterization techniques

Magnetite and maghemite were prepared and characterized in this study. Magnetite nanoparticles were synthesized
via sol-gel procedure using iron nitrate (Fe(NO3)3 · 9H2O) and ethylene glycol (C2H4(OH)2), with drying the prepared
gel in vacuum. To prepare the sol, 0.1 mol iron nitrate was dissolved in 50 mL ethylene glycol followed by mixing thus
obtained solution using a magnetic stirrer at 40 ◦C within 2 hours. Then the obtained sol was then kept at 80 ◦C in an oven
for approximately 30 min until a brown gel was formed. The resulting gel was aged and then dried at 120 ◦C for 4 hours.
After drying, the xerogel was subjected to vacuum heat treatment at 300 ◦C for 2 hours. As a result, a consolidated
product was obtained and subsequently crumbled into a black powder upon mechanical impact. To prepare maghemite
nanoparticles, the resulting black powder was heated in air in an oven at 300 ◦C for 2 hours. As a result, a red-brown
powder was obtained. The synthesis of magnetite nanoparticles was performed according to a similar procedure. The
prepared black powder was heated in air in an oven at 300 ◦C for 2 hours to yield a red-brown target powdered product.

The structure of the prepared iron oxide powders was studied using the following techniques. The phase composi-
tion and crystal structure of the powders were characterized by powder X-ray diffraction (XRD) using a Rigaku Miniflex
600 diffractometer. The lattice parameters were calculated by the least squares method using the PDWin software pack-
age. The microstructure of the samples was analyzed using a Carl Zeiss NVision 40 high resolution scanning electron
microscope (SEM) with an Oxford Instruments X-MAX detector (80 mm2) at the accelerating voltage of 1 kV.

The texture characteristics of the powders were analyzed by low-temperature nitrogen adsorption using a Quan-
tachrome Nova 1200e analyzer. Before measurements, the samples were degassed at 100 ◦C in vacuum for 15 – 16 h.
The specific surface area of the samples (Ssp) was determined using the Brunauer–Emmett–Teller model by 7 points in
the range of nitrogen partial pressures P/P0 = 0.07 ÷ 0.25. The specific pore volume was measured at nitrogen partial
pressure P/P0 = 0.995. The pore size distribution was calculated by analyzing the desorption branches of full adsorption-
desorption isotherms (in the range of nitrogen partial pressures 0.01 . . . 0.99) using the Barrett–Joyner–Halenda (BDH)
model.

The structure of iron oxide powders was studied at the mesoscopic scale by SAXS method. SAXS measurements
were carried out using the Xeuss 3.0 SAXS/WAXS System (Joint Institute for Nuclear Research, Dubna, Russia) operating
in point geometry, and using a GeniX3D microfocus generator of X-ray radiation with MoKα (λ = 0.071069 nm),
operating in the 30 W/30 µm mode. The spectrometer was equipped with a moving detector Eiger2 R 1M with a sensitive
area of 77.1 × 79.7 mm2 (pixel size 75 µm). The measurements using two distances from the sample to detector (400
and 4500 mm) enabled the determination of the of X-ray scattering intensity I(q) in the range of momentum transfer of
0.05 < q < 6 nm−1 (q = (4π/λ) sin(θ/2), where λ is the incident X-ray wavelength and θ is the scattering angle).

For the studied iron oxide powders, the measurements were carried out in vacuum at room temperature. To obtain
the differential small angle scattering cross section dΣ(q)/dΩ in absolute units, we used a conventional procedure for
normalization of the scattering cross section of amorphous carbon (Glassy Carbon), which gives a plateau with an intensity
of 3.805 cm−1 upon scattering at small angles in the region of 0.1 < q < 0.9 nm−1. This value is almost 250 times greater
than the corresponding value for water H2O, thus offering a more accurate value of the intensity in absolute terms.
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The magnetization of iron oxide powders was measured using the induction method. An ampoule wound round with
a measuring inductance coil was placed in a uniform sinusoidal alternating magnetic field with a frequency of 50 Hz
generated by a Helmholtz coil. The induced voltage measurements were carried out for the ampoule without a sample
and with the sample placed in the ampoule. The specific magnetization was calculated from the difference between these
data.

The magnetic structure of iron oxide powders was studied using a small-angle polarized neutron scattering (SAPNS),
including the measurement of magnetic-nuclear interference. SAPNS measurements were carried out using a small-
angle diffractometer KWS-1 (FRM-II reactor, Garching, Germany) operating in a mode close to point geometry. The
measurements were performed using a beam of polarized neutrons with the initial polarization P0

∼= 0.95 and wavelength
λ = 0.5 nm with ∆λ/λ = 0.1. The sample-detector distance SD = 8 m made it possible to measure the intensity
of neutron scattering in the range of transmitted pulses 0.08 < q < 1 nm−1. The scattered neutrons were recorded
by a two-dimensional scintillation position-sensitive detector based on 6Li (128 × 128 cells with a spatial resolution of
5× 5 mm2).

The studied iron oxide powders were placed in a 1 mm thick quartz cell. The measurements were carried out in a
“zero” field H close to zero value, and an external magnetic field H = 1T applied in the horizontal direction rectangular
to the incident neutron beam. In the experiment, the dependence of the intensity of scattered neutrons upon the transferred
momentum q was measured for neutron polarization P0 directed parallel I+(q, P+

0 ) and antiparallel I−(q, P−0 ) to the
external magnetic field. The initial spectra were corrected using the standard procedure [31], taking into account the
scattering by the installation armature and quartz cell, as well as the laboratory hall background.

To separate the isotropic and anisotropic scattering components, the intensity was radially averaged in the vicinity of
the angles α = 0 and π/2 in the detector plane (with the averaging sector ±2 ◦), corresponding to the directions along
and across the applied magnetic field H . This averaging results were inserted in the following system of equations:
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Assuming that nuclear scattering is independent on the external magnetic field H , the magnetic contribution to the
scattering intensity in the case of “zero” field was determined as:〈
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To derive the absolute values, the obtained scattering intensities were normalized to the incoherent scattering cross
section of plexiglass, taking into account the detector efficiency [31] and bulk density ρb for each of the samples. The
preliminary processing of the obtained data was carried out using QtiKWS software program [32].

The study of the iron oxide powders biological activity involved the determination of the effect of their treatment with
aqueous suspensions of a test plant crop seeds upon the germination energy, seed germination and biometric indicators
of seedling growth, as well as on the plant productivity when they are grown in intensive artificial light culture under
favorable controlled and under the stress factors action (soil moisture deficiency, high-intensity UV-B radiation). The
object of the study was spring barley of the Leningradsky variety from the collection of the N. I. Vavilov All-Russian
Institute of Plant Genetic Resources (VIR). The seed treatment was carried out with aqueous suspensions of iron oxide
powders at concentrations of 0.01 and 0.001 mg per 1 liter of water according to the procedure [30]. The seeds treated
with distilled water were used as reference samples. Germination of seeds and determination of their germination energy
were carried out according to the Russian Standard GOST 12038–84. On the 3rd day after soaking, the energy of seed
germination was assessed, on the 7th day – their germination, and the length of the sprouts and roots was also measured.
Each variant of the experiment was performed for 400 seeds. The studies were carried out in accordance with the rules of
the International Seed Testing Association (ISTA).

To study the effect of presowing seed treatment on the production process, the seeds were sown in 3 L plastic vessels
filled with 3 kg of soddy-podzolic sandy loamy soil (A arable layer) fertilized at the rate of kg of active substance per 1
ha – N90P90K90. The plants were grown in special plants growing light equipment with a usable area of 1.5 m2 developed
at the Agrophysical Research Institute [33]. The equipment are equipped with lifting light blocks involving DNaZ-400
lamps as light sources. The duration of the light period was 14 hours, the irradiance of plants was 85 – 90 W/m2 in the
photosynthetically active radiation range; the temperature was maintained within the limits of +22 . . . 24 ◦C during the
day and +18 · · ·+ 20 ◦C at night, the relative air humidity was 65± 5 %. The oxidative stress conditions in plants in the
tubing phase of their development was achieved by a single irradiation with high-intensity UV-B radiation at a dose of
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20.0 kJ/m2; LE-30 lamps (Russia) with a spectral range of 280 – 380 nm and an intensity maximum at λ = 320 nm were
used as the source of UV-B radiation. Physical modeling of soil moisture deficiency was performed during the period
of development (tillering – budding) by maintaining soil moisture in some vessels at a level of 25 – 30 % of the total
moisture capacity for 21 days, after which the level of soil moisture in these options was increased to the level in the
reference samples (60 – 65 % of the total moisture capacity). The plants grown from seeds treated with distilled water on
soil with a favorable moisture level of 60 – 65 % of the total moisture capacity and unexposed to UV-B radiation were
used as control samples. The stage of plants development at the time of harvesting was full maturation. Every variant of
the experiment involved 24 plants, number of vegetation experiments – 2.

3. Results and discussion

3.1. Characterization of the composition and structure of the synthesized powders

XRD profiles of the synthesized iron oxide powders (Fig. 1) demonstrate broad diffraction peaks suggesting that
the synthesized samples are poorly crystallized. This conclusion is further confirmed by SEM data (Fig. 2) indicating a
porous poorly crystallized aggregated structure of the studied materials.

FIG. 1. XRD profiles of the synthesized iron oxide powders: 1 – Fe3O4; 2 – γ-Fe2O3/α-Fe2O3 (aster-
isks correspond to hematite phase)

FIG. 2. SEM images of the synthesized iron oxide powders: 1 – Fe3O4; 2 – γ-Fe2O3/α-Fe2O3

Since magnetite and maghemite have almost the same crystal lattice structure with almost coinciding positions of
diffraction peaks, in order to distinguish between them, the unit cell parameters were calculated (Table 1).

According to Table 1, the cell parameters of the black iron oxide powder are close to the reference values for magnetite
(Fe3O4), while the cell parameters of the red-brown powder are closer to those for maghemite (γ-Fe2O3). In addition,
peaks relating to the hematite phase (α-Fe2O3) are observed in the diffraction pattern of the red-brown powder. Thus, the
data obtained suggest that the powders synthesized by sol-gel method are iron oxide in the forms of magnetite (Fe3O4)
and maghemite with an admixture of hematite (γ-Fe2O3/α-Fe2O3).

The full nitrogen adsorption-desorption isotherms for the synthesized iron oxide powders are shown inn Fig. 3(a,c).
The presence of capillary-condensation hysteresis makes it possible to attribute these isotherms to type IV according to
the IUPAC classification, which is typical for mesoporous materials containing pores with a diameter of 2 – 50 nm. As
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TABLE 1. Unit cell parameters and DCSR estimation for the synthesized iron oxide powders in com-
parison with reference data

Synthesized samples
Powder
color DCSR, nm Unit cell parameters, Å

Reference Calculated

Fe3O4 Black 8 8.396 – 8.397 8.402(3)

γ-Fe2O3/α-Fe2O3 Red-brown 11.6 8.336 – 8.339 8.352(4)

can be seen from these figures, the shape of the hysteresis loops for the synthesized samples is close to the H2 type,
suggesting the presence of bottle-shaped mesopores in them. In addition, the closing of hysteresis loops for both samples
at values of relative pressure P/P0 less than 0.3 (Fig. 3(a)) indicates the presence of a significant amount of micropores.
The results of the obtained isotherms analysis using BET and BDH models are presented in Fig. 3(b,d) and Table 2.

FIG. 3. Full nitrogen adsorption-desorption isotherms (a, c) and pore size distributions (b, d) based on
the isotherms processing using the Barrett–Joyner–Halenda (BDH) model for the synthesized Fe3O4 (a,
c) and γ-Fe2O3/α-Fe2O3 (b, d)

As shown in Table 2, the synthesized Fe3O4 and γ-Fe2O3/α-Fe2O3 powders have a well-developed surface, similar
values of the specific surface area (SBET ≈ 64 and 58 m2/g, respectively) and the same quite large specific pore volume
(VP/P0→0.99 = 0.26 cm3/g). In addition, for the synthesized Fe3O4, a normal (almost symmetrical) pore size distribution
is observed with the maximum at dp ≈ 4 nm, while γ-Fe2O3/α-Fe2O3 features with a lognormal distribution of pore
dV (D) with the maximum at dp ≈ 6 nm.

To obtain more complete information about the supramolecular structure organization of the (size and shape of in-
homogeneities, type of their aggregation) in the studied iron oxide powders, SAXS method affording the mesostructure
characterization for various materials in the scale range from 1 to 100 nm. A double logarithmic scale plot for the experi-
mental data on the differential macroscopic cross section dΣ(q)/dΩ of small-angle X-ray scattering versus the transferred
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TABLE 2. Textural parameters (specific surface area SBET ; specific pore volume Vsp; average pore
diameter, dp) of the synthesized iron oxide powders determined from the analysis of full nitrogen
adsorption-desorption isotherms using BET and BDH models

Powdered iron oxides SBET , m2/g VP/P0
∼=0.995, cm3/g

dp, nm
BDH (des.)

Fe3O4 63.5 ± 1.2 0.26 3.9

γ-Fe2O3/α-Fe2O3 57.5 ± 0.6 0.26 6.3

momentum q for the studied Fe3O4 and γ-Fe2O3/α-Fe2O3 powders is shown in Fig. 4. These data clearly indicate that
the scattering on γ-Fe2O3/α-Fe2O3 sample is significantly higher compared with Fe3O4 in the entire range of q values,
suggesting its lower nuclear density homogeneity on the mesoscopic scale (1. . . 100 nm).

FIG. 4. Differential SAXS cross-section dΣ(q)/dΩ from iron oxide samples Fe3O4 (1) and γ-Fe2O3/α-
Fe2O3 (2). Solid lines correspond to the experimental data fits according to the equation (4)

A common feature for both samples under study is the presence on the corresponding scattering curves of three ranges
in terms of the transferred momentum q, where the behavior of the scattering cross section dΣ(q)/dΩ follows the power
laws q−∆ with different values ∆ = n1, n2 and n3, respectively. In the intermediate regions, near the crossover points
qc (transition points between different scattering modes), the SAXS scattering cross section dΣ(q)/dΩ is satisfactorily
described by an exponential dependence (Guinier mode). Thus, the scattering pattern observed for the synthesized iron
oxide powders is typical of scattering on three-level hierarchical porous structures [34–36], with different characteristic
scales and aggregation types for each of the levels. Moreover, the convex shape of the dΣ(q)/dΩ (n1 > n2 > n3) curves
clearly indicates that the inhomogeneities of the subsequent structural level with larger in characteristic sizeRc are formed
from smaller inhomogeneities of the previous structural level, i.e. Rc3 > Rc2 > Rc1. The estimates of the characteristic
size Rc for inhomogeneities at each structural level, corresponding to the upper limit of self-similarity for fractal systems,
can be obtained from the analysis of scattering in the Guinier mode near the crossover points qc from the relations
Rc =

√
(5/3) ·Rg (in the case of spherical particles with an almost smooth surface [37]) and Rc = [(D + 2)/D]

1/2 ·Rg
(in the case of fractal objects [38]), where Rg is the gyration radius of the scattering inhomogeneity and D is the fractal
dimension. It should be noted that the Rc estimate obtained from the analysis in the Guinier mode corresponds to the
maximum size of the scattering inhomogeneities of this type, i.e. always corresponds to the upper estimate.

Scattering from the first (smaller scale) of these structural levels, observed for Fe3O4 at q > 1.5 nm−1 and at
q > 0.5 nm−1 for γ-Fe2O3/α-Fe2O3 is described by the power dependence q−n1. The power factor n1 determined from
the slope of linear parts in the experimental plots curves dΣ(q)/dΩ in a double logarithmic scale are 4.02 ± 0.04 for
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Fe3O4 and 4.04 ± 0.04 for γ-Fe2O3/α-Fe2O3, respectively. This means that both samples feature with scattering by
inhomogeneities with almost smooth boundaries DS1 = 2.02 ± 0.04 and 2.04 ± 0.04 (n = 4 according to the Porod
law [39]) in the X-ray wavelength range of the used in this experiment (λMoKα = 0.071 nm).

Scattering from the second structural level, observed for the Fe3O4 and γ-Fe2O3/α-Fe2O3 samples in the ranges
0.5 < q < 1.4 nm−1 and 0.15 < q < 0.4 nm−1 is described by the power dependence q−n2 with the power fac-
tor n2 = 3.42 ± 0.04 and 2.69 ± 0.04, respectively. Thus, in the case of Fe3O4, scattering takes place at inhomo-
geneities (clusters) with a highly developed fractal phase interface (solid phase – pore) [40] with the dimension defined as
DS2 = 6−n2 = 2.58±0.02, while for oxide γ-Fe2O3/α-Fe2O3 the power factor 1 < n2 < 3 corresponds to scattering by
objects (clusters) with mass-fractal aggregation of inhomogeneities [41] with the fractal dimension
DM2 = n2 = 2.69± 0.04.

The lower limit of self-resemblance for surface-fractal (Fe3O4) and mass-fractal (γ-Fe2O3/α-Fe2O3) clusters of a
given structural level is determined by the characteristic size Rc1 of inhomogeneities of the 1st structural level. An
estimate of the upper limit of self-resemblance Rc2 for fractal clusters of the 2nd structural level, in both cases, was
obtained from the analysis of scattering in the Guinier mode in the ranges 0.3 < q < 0.5 nm−1 for Fe3O4 sample and
0.1 < q < 0.15 nm−1 for γ-Fe2O3/α-Fe2O3 (see Table 3).

TABLE 3. Mesostructure parameters of the synthesized iron oxide powders obtained from SAXS data analysis

Parameters
Synthesized iron oxides

γ-Fe2O3/α-Fe2O3 Fe3O4

3rd structural level

Rc3, nm > 70

B3, cm−1nm−n3 18 ± 4 0.56 ± 0.05

DM3 = n3 2.25 ± 0.02 —

DS3 = 6− n3 — 2.87 ± 0.02

2nd structural level

G2, cm2g−1 2700 ± 500 31 ± 2

Rc2 = [(DS2,M2 + 2)/DS2,M2]
1/2 ·Rg2, nm 18.0 ± 2 5.5 ± 0.5

B2, cm−1nm−n2 7.2 ± 1.1 1.1 ± 0.3

DM2 = n2 2.69 ± 0.04 —

DS2 = 6− n2 — 2.58 ± 0.04

Z = [(Rg2)2/(Rg1)2]D/2 24 15

1st structural level

G1, cm−1 95 ± 22 1.8 ± 0.2

Rc1 =
√

(5/3) ·Rg1, nm 5.4 ± 0.6 1.9 ± 0.2

B1, cm−1nm−n1 1.9 ± 0.06 0.88 ± 0.08

n1 4.04 ± 0.04 4.02 ± 0.04

Iinc · 103, cm−1 2.5 ± 0.2 2.3 ± 0.2

Note: G1 and G2 are Guinier prefactors for the 1st and 2nd structural levels; B1, B2 and B3 are power
prefactors for the 1st, 2nd and 3rd structural levels; Rc1 and Rc2 are characteristic sizes of inhomogeneities
at the 1st and 2nd structural levels; DS2 (DM2) and DS3 (DM3) are fractal dimensions of surface-fractal
(mass-fractal) clusters of the 2nd structural level and aggregates of the 3rd structural level, Z is the degree
of primary particles aggregation in a fractal cluster.

Scattering from the third (the largest size) structural level, observed for the Fe3O4 and γ-Fe2O3/α-Fe2O3 samples
in the ranges q < 0.3 nm−1 and q < 0.9 nm−1 is described by the power dependence q − n3 with the power factors
n3 = 3.13±0.02 and 2.25±0.02, respectively. Therefore, in the case of Fe3O4, scattering takes place on inhomogeneities
(aggregates) with a highly developed fractal phase interface with the dimension DS3 = 6 − n3 = 2.87 ± 0.02, while
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the power factor for γ-Fe2O3/α-Fe2O3 corresponds to scattering by objects (aggregates) with mass fractal aggregation
of inhomogeneities and fractal dimension DM3 = n3 = 2.25 ± 0.02. The lower limit of self-resemblance for fractal
aggregates of a given structural level is determined by the characteristic sizeRc2 of fractal clusters of the second structural
level. The absence of deviations of the scattering cross section dΣ(q)/dΩ values from the power law q − n3 at low
transferred moments q for both samples indicates that the upper limit of self-similarity of mass fractal aggregates Rc3
of the third structural level in the both cases significantly exceeds the maximum size that can be determined using the
applied technique. Nevertheless, according to the expression Rmax ≈ 3.5/qmin [40], this size can be estimated on the
level Rc3 > 70 nm.

Thus, the observed SAXS pattern for the synthesized iron oxides clearly indicates three types of scattering inhomo-
geneities significantly differing in their characteristic scale. For a general analysis of the observed scattering, we used
an integrated exponential-power equation, taking into account the presence of several structural levels in the scattering
system [42]:

dΣ(q)
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Giexp
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q2R2

gi

3

)
+Biexp

(
−
q2R2
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3

)(
(erf(qRgi/

√
6))3

q

)ni
]

+ Iinc. (3)

The summation according to (3) is performed for the number of structural levels. In the most general case, expres-
sion (3) determines the presence of four free parameters for each structural level, including the Guinier prefactor Gi, the
gyration radius Rgi, the power prefactor Bi and the power factor ni. The parameter Iinc is a q-independent constant
determined by incoherent scattering.

To obtain the final results according to the equation (3), the experimental dependences of the differential SAXS
scattering cross section dΣ(q)/dΩ were processed using the least squares method (LSM) in the entire range under study.
The results of this analysis are presented in Fig. 4 and Table 3.

The integrated analysis of SEM data, low-temperature nitrogen adsorption, and SAXS indicates that
γ-Fe2O3/α-Fe2O3 and Fe3O4 samples synthesized via the sol-gel technology are porous systems with a three-level hier-
archical organization of the structure with different characteristic scales and aggregation types for each of the structural
levels, and the characteristic size Rc3 for the largest third level in both cases exceeds 70 nm. Thus, the first structural level
of γ-Fe2O3/α-Fe2O3 powder consists of almost smooth particles with the characteristic size Rc1 ≈ 5 nm, which at the
second structural level aggregate into mass fractal clusters with the dimension DM2 = 2.69 and the upper limit of self-
resemblance similarity Rc2 ≈ 18 nm, from which mass-fractal aggregates with dimension DM3 = 2.25 are formed at the
third structural level. In turn, the Fe3O4 powder at the first structural level also consists of small particles (Rc1 ≈ 2 nm)
with an almost smooth surface, which at the second structural level aggregate into surface fractal clusters with the dimen-
sion of DS2 = 2.58 and the upper self-resemblance boundary Rc2 ≈ 6 nm, from which surface fractal aggregates with
the dimension DS3 = 2.87 are formed at the third structural level.

The magnetization M measured by the induction method for the synthesized Fe3O4 and γ-Fe2O3/α-Fe2O3 powders
depending on the applied magnetic field H is shown in Fig. 5. These data indicate almost linear dependences without a
hysteresis, suggesting these powders to be soft magnetic materials. However, in the range of applied magnetic fields H ,
the saturation of magnetization M in the studied superparamagnetic nanoparticles was not achieved.

FIG. 5. Magnetization M of Fe3O4 (1) and γ-Fe2O3/α-Fe2O3 (2) as function of the applied magnetic
field H
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The magnetic structure, i.e. spatial distribution and nature of spin correlations in the studied powders of iron oxides,
was studied using SAPNS method. Two-dimensional intensities of scattering by iron oxide powders obtained for two po-
larization states of the neutron beam I−(q, α) and I+(q, α) when measured in “zero” (H ≈ 0) and horizontal magnetic
fields (H = 1T ), respectively, as well as their difference ∆IMN (q, α) = I−(q, α) − I+(q, α) (magnetic-nuclear inter-
ference term) during measurements in an external magnetic field. As can be seen from Fig. 6, for the spectra measured in
a magnetic field H = 1T , the observed scattering pattern is anisotropic with a significant change in the aspect ratios for
the two polarization states. The difference signal ∆IMN (q, α), where all background contributions are self-subtracted,
shows an angular dependence on α, with an insignificant intensity along the direction of the applied magnetic field H .

FIG. 6. Experimental two-dimensional intensities of scattering for two polarization states of the inci-
dent neutron beam and their difference ∆IMN (q, α) = I−(q, α)−I+(q, α) (magnetic-nuclear interfer-
ence term) obtained for the synthesized iron oxide powders at measurements in external magnetic field
H = 1T . The square in the center of the detector is the trace from the beam absorber (beamstop)

The separated nuclear
〈
F 2
N (q)

〉
, magnetic

〈
F 2
M (q)

〉
H=1T

and interference 〈FN (q)FM (q)〉H=1T contributions to the
scattering are shown in Fig. 7. The comparison of these data indicates that for all the iron oxide samples the nuclear
contribution

〈
F 2
N (q)

〉
exceeds the magnetic contribution

〈
F 2
M (q)

〉
H=1T

by almost an order of magnitude.

3.1.1. Nuclear SAPNS.. The scattering behavior observed for the nuclear component dΣN(q)/dΩ SANS (Fig. 7) is
similar to that revealed for the studied iron oxides using SAXS techniques (Fig. 4) within the used range of transferred
momentum 0.08 < q < 1 nm−1. For γ-Fe2O3/α-Fe2O3 (Fig. 7(b)), the dΣN(q)/dΩ plot also features with three q ranges
with the nuclear SANS dΣN(q)/dΩ component following power laws q−∆ with different power factors ∆ = n1, n2, and
n3, respectively. In the case of Fe3O4 (Fig. 7(a)) only two q regions with different power laws are found for the nuclear
component of dΣN(q)/dΩ. This difference is determined by the fact that in the performed experiments qmax = 1 nm−1,
while in SAXS measurements, scattering from the particles of the first structural level was detected at q > 1.5 nm−1.
Thus, the analysis of nuclear SANS for the synthesized Fe3O4 (Fig. 7(a)) and γ-Fe2O3/α-Fe2O3 (Fig. 7(b)) samples also
involved the integrated exponential-power expression (3) taking into account several structural levels in the scattering
system.

To obtain the final results, equation (3) was reduced in couple with the setup resolution function and processed
according to the least square method. Thus, obtained data are summarized in Fig. 7 and Table 4.

As shown in Table 4, the atomic supramolecular structure parameters of the synthesized samples based on SANS data
are in full agreement with the results obtained from the analysis of SAXS data (Table 3).

3.1.2. SAPNS magnetic scattering dΣM(q)/dΩ (H = 1T ). For superparamagnetic nanoparticles, upon saturation
of the magnetization, magnetic scattering becomes completely anisotropic, while nuclear scattering remains isotropic.
As can be seen from Fig. 7, the magnetic scattering cross section dΣM(q)/dΩ, isolated from the total SAPNS, in the
direction α = π/2, perpendicular to the applied magnetic field H = 1T , for iron oxide powders synthesized by the sol-gel
technology is small (not more than 10 %) in comparison with nuclear scattering dΣN(q)/dΩ and is statistically resolvable
only in the region of small q < 0.15 nm−1, which corresponds to scattering by large-scale magnetic fluctuations appeared
to upon the achievement of magnetization saturation.
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FIG. 7. Nuclear dΣN(q)/dΩ (©), magnetic dΣM(q)/dΩ (�) and magnetic-nuclear interference
dΣMN (q)/dΩ (♦) SAXS cross-dections for Fe3O4 (a) and γ-Fe2O3/α-Fe2O3 (b) samples as function
of the transferred momentum q. The data are based on the teo-dimentional spectra (Fig. 6) measured in
the magnetic field H = 1T . Solid lines correspond to the experimental data fits according to equations
(3) and (4)

TABLE 4. Mesostructure parameters of the synthesized iron oxide powders obtained from the analysis
of SAPNS cross-section dΣN(q)/dΩ nuclear component

Parameters Synthesized iron oxides

γ-Fe2O3/α-Fe2O3 Fe3O4

3rd structural level

Rc3, nm > 45

DM3 = n3 2.35 ± 0.02 —

DS3 = 6− n3 — 2.82 ± 0.02

2nd structural level

Rc2 = [(DS2,M2 + 2)/DS2,M2]
1/2 ·Rg2, nm 16 ± 3 5.1 ± 0.5

DM2 = n2 2.74 ± 0.04 —

DS2 = 6− n2 — 2.46 ± 0.06

1st structural level

Rc1 =
√

(5/3) ·Rg1, nm 5.9 ± 0.8 —

n1 4.00 ± 0.05 —
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In this regard, the quantitative analysis of the observed magnetic scattering dΣM(q)/dΩ for the synthesized powders
of iron oxides is practically impossible. However, this problem can be addressed by the analysis of the interference
contribution dΣMN (q)/dΩ to the overall SAPNS, that is equal to the magnetic scattering amplitude multiplied by the
nuclear scattering amplitude, i.e. corresponding to the first (not to the second, as in the case of measuring the magnetic
scattering intensity) power of the magnetic scattering amplitude, that determines an increased sensitivity of this method.

3.1.3. SAPNS magnetic-nuclear cross-section dΣMN (q)/dΩ (H = 1T ). The analysis of magnetic-nuclear interference
scattering dΣMN (q)/dΩ contribution into the overall SAPNS obtained in the α = π/2 direction (orthogonal to the applied
magnetic field H = 1T ) shown in Fig. 7 suggests that the magnetic-nuclear interference scattering dΣMN (q)/dΩ for
both γ-Fe2O3/α-Fe2O3 and Fe3O4 is well fitted by the following equation:

dΣMN (q)

dΩ
=
A2

q4
+

A1

(q2 + κ2
MN )2

, (4)

where A1 and A2 are free parameters, and κMN = 1/RMN is the reverse correlation radius of the magnetic-nuclear
contrasting (and, consequently, scattering) region. The first term in the equation (4) (∼ q−4) corresponds to the scattering
on large-scale spin density fluctuations, and the second term is a squared Lorentzian corresponding to scattering on a spin
correlator 〈Si, Sj〉 exponentially decreasing with distance r in the coordinate representation:

〈SiSj〉 ∝ exp(− r

RMN
). (5)

To obtain the final results, the expression (4) was combined with the setup resolution function and processed by the
least squares method. The processing results are shown in Fig. 7 and Table 5.

TABLE 5. Correlation radii RMN of the magnetic-nuclear interference scattering for the synthesized
iron oxide samples, based on the analysis of the magnetic-nuclear interference component of the SAPNS
cross-section dΣN(q)/dΩ

Synthesized iron oxides RMN (nm)

γ-Fe2O3/α-Fe2O3 3.2 ± 0.4

Fe3O4 2.7 ± 0.3

According to the data in Table 5, the characteristic sizes RMN of the magnetic-nuclear cross-correlations, obtained
from the analysis of SAPNS results, are smaller than the characteristic sizes Rc of the nuclear inhomogeneities presented
in Tables 3 and 4. However, in this case, the characteristic size RMN corresponds to the average size of magnetic-nuclear
cross-correlations, instead of its upper limit, as in the case of the characteristic size Rc of nuclear inhomogeneities in the
expressions used in the analysis of dΣN(q)/dΩ.

3.1.4. SANS magnetic cross-section dΣM(q)/dΩ (H ≈ 0T ). Assuming that the nuclear scattering is isotropic and
independent on the applied magnetic field, we determined the magnetic contribution

〈
F 2
M (q)

〉
H≈0

into the overall SANS
intensity in the case of “zero” field (H ≈ 0T ). The corresponding cross-sections dΣM(q)/dΩ of the magnetic scattering
for the studied samples are shown in Fig. 8.

According to Fig. 8, a statistically resolvable magnetic scattering dΣM(q)/dΩ is observed for γ-Fe2O3/α-Fe2O3,
while in the case of the synthesized Fe3O4, a quantitative analysis is almost impossible. However, the presence of a
blurry peak with qmax ≈ 0.4 nm−1 at the dΣM(q)/dΩ plot for this sample (Fig. 8(a)) suggests the presence of magnetic
inhomogeneities structured according to a short-range order with the radius of interparticle magnetic correlations ξM =
2π/qmax ≈ 16 nm. The magnetic scattering at small q values (q < 0.2 nm−1) is probably determined by scattering on
large-scale magnetic fluctuations.

A similar blurred peak with qmax ≈ 0.25 nm−1 is observed at dΣM(q)/dΩ plot for the synthesized γ-Fe2O3/α-
Fe2O3. The magnetic scattering of this samples was analyzed using the expression:

dΣM(q)

dΩ
=
A2

q4
+

A1

((q − qmax)
2

+ κ2
M )

2 , (6)

where A1 and A2 are free parameters, and κM = 1/RM is the reverse correlation radius of magnetic inhomogeneities.
The second term in equation (6) corresponds to the scattering on magnetic inhomogeneities structured according to a
short-range order with the radius of interparticle magnetic correlations ξM = 2π/qmax ≈ 25 nm.

To obtain the final results, expression (6) was combined with the setup resolution function and processed by the least
squares method. The processing results are shown in Fig. 8 and Table 6.
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FIG. 8. SANS magnetic cross-sections dΣM(q)/dΩ in the “zero” field (H ≈ 0) for the synthesized
iron oxides Fe3O4 (a) and γ-Fe2O3/α-Fe2O3 (b) as function of the transferred momentum q. The solid
line corresponds to the experimental data fit according to the equation (6)

TABLE 6. Correlation radii RM of magnetic scattering and interparticle magnetic correlations ξM of
the synthesized iron oxides, based on the analysis of SANS dΣM(q)/dΩ cross-section in the “zero”
field (H ≈ 0T )

Synthesized iron oxides ξM = 2π/qmax (nm) RM (nm)

γ-Fe2O3/α-Fe2O3 25 4.1 ± 0.9

Fe3O4 16 —

3.2. Study of bioactive performances of the synthesized powders

The obtained data concerning to the effect of presowing treatment of spring barley seeds with aqueous suspensions of
the synthesized Fe3O4 and γ-Fe2O3/α-Fe2O3 powders on germination performances and biometric indicators of sprout
growth are summarized in Table 7. These data show that the treatment of seeds with suspensions of γ-Fe2O3/α-Fe2O3

or Fe3O4 in the previously selected concentrations of 0.01 and 0.001 mg/L does not have a significant effect on their
germination and root length of seedlings compared with the control samples. However, the length of seedling sprouts
tends to increase or significantly change in values after seed treatment with suspensions of γ-Fe2O3/α-Fe2O3 in the
concentration 0.001 mg/L or Fe3O4 in the concentrations of 0.001 and 0.01 mg/L, with the most pronounced effect
observed in the case of using a 0.001 mg/L suspension of Fe3O4. A slight trend should be also noted towards a decrease in
the height of sprouts after seed treatment with suspensions of the tested substances at a higher concentration of 0.01 mg/L.

The revealed tendency to stimulate the growth of spring barley plants at the early stages of development after the
treatment of their seeds with aqueous suspensions of the tested substances persisted throughout the ontogeny of plants
and, ultimately, resulted in a significant increase in the productivity indicator – the number of productive stems on the
plant under favorable growing conditions (Table 8). Noteworthy, the considered effect of seed treatment with aqueous
suspensions of iron oxides was not observed in respect of the grain productivity of spring barley, since the values of grain
productivity indicators, including the number of seeds and their weight on the plant do not differ significantly from those
in the control seeds. Moreover, there is a pronounced trend towards a significant decrease in these indicators of barley
grain productivity relative to the control in the case of seed treatment with aqueous suspensions of Fe3O4.

The study of the effect of seed treatment on the resistance of plants to the stress factors indicated in Table 8 in the
most vulnerable periods of the plants development revealed differences effectiveness of the tested iron oxide additives
under different stress conditions.
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TABLE 7. Effect of barley seeds (Leningradsky variety) treatment with iron oxide suspensions upon
the germination performances and biometric indicators of seedlings growth

Seeds treatment
variants

Germination
energy Germination, % Sprout length Root length

%
% of the
reference
samples

%
% of the
reference
samples

cm
% of the
reference
samples

%
% of the
reference
samples

Control (treatment
with distilled water)

96 100 98 100 8.7±0.6 100 8.6±0.5 100

0.01 mg/l
γ-Fe2O3/α-Fe2O3

88 92 96 98 8.8±0.7 101 8.2±0.5 95

0.001 mg/l
γ-Fe2O3/α-Fe2O3

93 97 95 97 9.3±0.6 107 7.9±0.4 92

0.01 mg/l Fe3O4 93 97 97 99 9.2±0.6 106 8.3±0.4 97

0.001 mg/l Fe3O4 92 96 95 97 10.1±0.6* 116* 8.6±0.4 100

Note: * the value significantly differs from the control at the 5 % significance level

TABLE 8. Effect of barley seeds (Leningradsky variety) treatment with iron oxide suspensions upon
the plants productivity at growing under controlled favorable conditions, after the effect of with UV-B
radiation (dose 20.0 kJ/m2) and soil moisture deficiency (25 – 30 % of the total moisture capacity)

Seeds treatment
variants

Number of
productive stems,
pieces / % of the

control

Number of seeds
from one plant,

pieces / % of the
control

Weight of the
seeds from one

plant, g / % of the
control

No stress

Control (treatment with
distilled water)

3.1±0.3 / 100 70.0±5.2 / 100 2.52±0.22 / 100

0.01 mg/l γ-Fe2O3/α-Fe2O3 4.7±0.6 / 152* 72.0±5.6 / 103 2.60±0.20 / 103

0.01 mg/l Fe3O4 3.6±0.4 / 116 60.0±4.2 / 86* 2.22±0.19 / 88

UV-B radiation

Control (treatment with
distilled water)

4.7±0.6 / 152* 58.0±4.8 / 83* 2.10±0.18 / 83*

0.01 mg/l γ-Fe2O3/α-Fe2O3 4.9±0.7 / 158* 64.3±5.2 / 92 2.36±0.16 / 94

0.01 mg/l Fe3O4 3.9±0.5 / 126* 54.0±4.3 / 77* 2.00±0.17 / 79*

Soil moisture deficiency

Control (treatment with
distilled water)

2.2±0.5 / 71* 40.0±3.9 / 57* 1.40±0.14 / 56*

0.01 mg/l γ-Fe2O3/α-Fe2O3 1.0±0.2 / 32* 44.0±4.2 / 63* 1.60±0.15 / 63*

0.01 mg/l Fe3O4 2.7±0.6 / -87 50.0±4.9 / 71* 1.90±0.16 / 75*

Note: * the value significantly differs from the control not stress at the 5 % significance level
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Thus, when irradiated with high-intensity UV-B radiation, a significant positive effect on plant productivity is ob-
served in case of seeds treatment with aqueous suspensions of γ-Fe2O3/α-Fe2O3, providing the target plant performances
on the same level or exceeding those for the control samples unaffected by the stress, whereas the control stressed plants,
and especially plants treated with an aqueous suspension of Fe3O4, reduced the grain productivity by 17 and 21 – 23 %,
respectively (Table 8). Under conditions of soil moisture deficiency, seed treatment with tested iron oxide additives
showed a positive effect, with a trend to a significantly increased grain productivity of plants relative to stressed reference
seeds. Generally, the seed treatment with Fe3O4 aqueous suspensions turned out to be more effective in increasing plant
resistance to the stressors compared to the treatment with γ-Fe2O3/α-Fe2O3, apparently due to the formation of a larger
number of productive stems and seeds (by 270 and 14 %, respectively).

Thus, aqueous suspensions of the synthesized iron oxides in the concentrations of 0.001 and 0.01 mg/L demonstrate
a pronounced biological activity at presowing treatment of spring barley, in respect of stimulating the plants growth at
the early stages of their development and increasing the number of productive stems under favorable conditions for the
vital activity of plants. However, during the cultivation of spring barley under stressful conditions in the most vulnerable
periods of plant development, significant differences were revealed in the effectiveness of the influence of the tested iron
oxide additives on the plant resistance, depending on the acting stressor. The treatment of seeds with a suspension of
γ-Fe2O3/α-Fe2O3 in the concentration of 0.01 mg/L provided an effective protection from a negative impact of high-
intensity UV-B radiation upon the plant productivity remaining on the same level as for the reference plants tested under
favorable conditions. In respect of protection from soil moisture deficiency, treatment with 0.01 mg/L Fe3O4 suspension
was found to be more effective against the reduction of the productivity indicators.

4. Conclusion

Powdered iron oxides prepared via sol-gel method are studied using a number of characterization techniques, in-
cluding XRD, SEM, low temperature nitrogen adsorption, small angle X-ray (SAXS) and polarized neutron scattering
(SAPNS). The synthesized γ-Fe2O3/α-Fe2O3 and Fe3O4 samples are defined as porous systems with a three-level hierar-
chical structural organization featuring with different characteristic scales and aggregation types for each of the structural
levels. The characteristic sizeRc3 for the largest scale third level in both cases exceeds 70 nm. In γ-Fe2O3/α-Fe2O3 pow-
der, the first structural level consists of almost smooth particles with the characteristic sizeRc1 ≈ 5 nm, aggregating at the
second structural level into mass fractal clusters with the dimension DM2 = 2.69 and the upper limit of self-resemblance
Rc2 ≈ 18 nm, in turn, forming mass fractal aggregates with the dimension DM3 = 2.25 at the third structural level.
In Fe3O4 powder, the first structural level also consists of small particles (Rc1 ≈ 2 nm) with an almost smooth surface,
aggregating at the second structural level into surface-fractal clusters with a dimension of DS2 = 2.58 and an upper
self-resemblance boundary Rc2 ≈ 6 nm, forming surface fractal aggregates with the dimension DS3 = 2.87 at the third
structural level.

A detailed analysis of the SAPNS data revealed that the magnetic structure of Fe3O4 and γ-Fe2O3/α-Fe2O3 powders
synthesized via sol-gel process consists of superparamagnetic particles with a characteristic radius of magnetic-nuclear
cross-correlations RMN ≈ 3 nm. Moreover, short-range spin correlations are also observed between these superparam-
agnetic particles with the interparticle magnetic correlation radii ξM ≈ 16 and 25 nm for Fe3O4 and γ-Fe2O3/α-Fe2O3,
respectively.

A relationship is revealed between the crystallographic modification and biological activity of the synthesized iron
oxide powders towards the seeds of spring barley of the Leningradsky variety. Although the presowing treatment of seeds
with Fe3O4 and γ-Fe2O3/α-Fe2O3 suspensions does not affect their germination and the length of roots and sprouts, it
stimulates the other plants growth indicators and affects the plants productivity in different ways depending on their grow-
ing conditions. Particularly, γ-Fe2O3/α-Fe2O3 suspension demonstrated a higher efficiency in respect of the productivity
and resistance of spring barley plants under favorable conditions and under stressful exposure to UV-B radiation, while
the suspension of Fe3O4 is more effective under stressful conditions in terms of moisture content in the soil.
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