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ARTICLE INFO ABSTRACT

Keywords: Zinc-Manganese spinel ferrites (Zn;4MnyFe;04) are nowadays very attractive magnetic materials for cancer

Zn diagnostic and therapy. With the help of intense ultrasonic waves, sonochemical synthesis method was used to

Mn . prepare stoichiometric and chemically homogenous nanoparticles by varying the manganese content. The crystal
;:i:e:rticles structure along with the size and shape of the as-prepared nanoparticles were described using XRD, TEM and FT-
Magnztization IR techniques, while cations distribution was carefully investigated using XPS and Mossbauer spectroscopic

techniques and supported with density functional theory calculations. The crystal structure study revealed the
presence of a pure single cubic spinel phase, where the unit-cell and the size were observed to decrease as the
manganese incorporation was increased with clear indication of cationic redistribution and degree of inversion
variations. Due to the very small variation of the total energy between different configurations, the probability of
formation of a mixed phase was found to be very high in such a way that the more mixed was the phase, the more
stable it was. A relevant fact was the noticed quasi-systematic ionic exchange made possible by the very short
reaction times and high energy offered by the ultrasonic waves. For manganese concentrations up to 60%, the
systematic ionic process started by incorporating manganese ions into octahedral sites and pushing iron ions to
migrate and replace those of zinc in tetrahedral sites. Such an ionic movement was of central importance for the
improvement of the magnetic properties due to the establishment of super-exchange interactions. Such an ionic
engineering should definitely open the way to promising applications in biomedical imaging.

Ultrasonic waves

feature, the spinel ferrite structure can be described as [M%_Jg Feg”]A
[M%+ Feg_*{;]B 04, where metal (M) and ferric ions occupy A and B sites as

1. Introduction

Due to their unique properties such as low coercivity [1], high value
of initial permeability [2], high saturation magnetization [3], low power
loss [4] and high magnetic induction [5], Zinc-Manganese (Zn-Mn)
spinel ferrites have received a great attention as new highly effective
magnetic media for cancer diagnostic and therapy [6,7] Nevertheless,
all these properties remain highly dependent on the occupancy of
certain specific crystallographic sites which are distributed across a
relatively complex atomic arrangement. In effect, the spinel structure,
known as AB304, possesses a cubic lattice that includes 8 tetrahedral (A)
and 16 octahedral (B) occupied sites. To consider the site occupancy
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a function of the inversion degree §. In a normal (or direct) spinel (6§ =
0), all of the M cations are in A sites, while in an inverse spinel (§ = 1)
they occupy the B sites. When 0 < 8 < 1, that is; metal and ferric ions
occupying both A and B sites, the spinel ferrite is mixed. The magnetic
properties of Zn-Mn spinel ferrites are therefore largely dependent on
the Zn and Mn cations distribution, between the A and B sites, since the
net magnetization of the lattice is given as the disparity in magnetization
values between the B- and A-sublattices as a result of the occurrence of
super-exchange interactions [8].

A series of methods have enabled the synthesis of Zn-Mn spinel
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ferrite nanoparticles, such as ball milling [9], co-precipitation [10],
sol-gel [11], hydrothermal [12], thermal decomposition [13] and micro
emulsion [14] Although all of these methods have demonstrated a
reasonable control of the nanoparticles size and dispersion, they
nevertheless suffer from controlling the occupancy of tetrahedral and
octahedral sites due to their long reaction time, and the use of large
doses of surfactant and complex molecules [15] In this sense, the
sonochemical route [16], or ultrasonic cavitation chemistry, can be
considered as an alternative synthesis method due to its safety, low-cost
technology and environmental friendliness. Thanks to favorable ther-
modynamic conditions (not provided in the silent modes mentioned
above), in terms of temperature (about 5000 K), pressure (20 MPa) and
rapid cooling rates (about 10'°K/s) [1 7,18], nanoparticles can be easily
and quickly obtained and modified using ultrasonic irradiation based on
chemical reactions in aqueous solutions. In addition, recent ultrasonic
treatment was also reported to be an effective method for size refine-
ment and dispersion of nanoparticles during their synthesis process [19]
One can therefore take benefit from these conditions to provoke a fast
reaction and thereafter fine tune the tetrahedral and octahedral site-
occupancy to promote the A-B super-exchange interaction and conse-
quently improve the magnetic properties of the as-synthesized ferrites.

Our approach in the present investigation consisted in reducing, as
far as possible, the value of the magnetic moment of the A-sublattices by
maintaining the Zn?* ions (nonmagnetic) in the A-sites, on one hand,
and pushing Fe>" ions to migrate towards tetrahedral sites to create the
desired Fe-O-Fe super-exchange interaction, on the other. Experimen-
tally speaking, the strategy was to synthesize the zinc ferrite (ZnFe,04)
first, into which manganese will progressively be added to obtain Zn-Mn
spinel ferrites, or Zn; xMnyFe;O4, where x is the added Mn concentra-
tion. The ZnFey04 structure, x = 0, is a paramagnetic [20] normal spinel
((Zn2+)A [Fe%*]BO%_) with efficient application in hyperthermia [21,22]
In such a structure, Zn?" is preferably located in A sites due to its affinity
for sp° bonding with oxygen anions. While for x = 1, MnFe,0, is likely
to adopt a mixed spinel structure [23], the magnetic moment of which
was shown to decrease with increasing the inversion degree [24,25] The
challenge would then be to find the right balance in terms of Mn addi-
tion allowing the best magnetic performances.

In the present study, sonochemical method was used to provide
optimal conditions for the synthesis of stoichiometric and chemically
homogenous Zn; _yMnyFe;04 nanoparticles (0 < x < 1). Mn incorpora-
tion was varied and cations distribution was followed and controlled at
low temperatures in a very short processing time. The effect of such an
“ionic engineering” on the structure, morphology and site occupancy on
magnetic properties was respectively investigated by using X-Ray
Diffraction (XRD), Transmission Electron Microscopy (TEM), Fourier
Transform Infrared spectroscopy (FT-IR), X-ray Photoelectron Spec-
troscopy (XPS), Mossbauer spectroscopy and Superconducting QUan-
tum Interference Device (SQUID) magnetometry.

2. Methods
2.1. Materials

Presently, commercial precursors and analytical grade chemicals
were used. The reagents Manganese (II) chloride [MnCly-2H50], Zinc
chloride [ZnCly-2H50], Ferric chloride [FeCl3-6H>0] and Potassium
Hydroxide [KOH], from Sigma-Aldrich, were used to synthesize all our
powders.

2.2. Sonochemical synthesis

In sonochemical synthesis, intense ultrasonic waves produce cavities
that facilitate oxidation, reduction, dissolution, decomposition and hy-
drolysis phenomena at different stages of the synthesis [26] On this
basis, a series of Znj yMn,Fe;O4 samples were prepared by adding a
fraction “x” of [MnClp-2H20] to the initially prepared [ZnCly-2H50]
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solution. The Mn concentration denoted as “x” was varied as 0.0, 0.2,
0.4, 0.8 and 1.0. Then, [ZnCly-2H,0, MnCly-2H;0] and [FeCls-6H50]
were added in 2 separate beakers containing 10 mL of deionized water
each, and stirred on a magnetic stirrer at room temperature for 20 min.
These two solutions were mixed in a different beaker, and stirred for an
additional 10 min. A base solution was prepared by adding 8.41 g of
KOH in 50 mL of deionized water and stirred for 10 min. The reaction
mixture was then put in a Branson Ultrasonic system (water bath mode)
then exposed to ultrasonic waves (frequency: 40 kHz, power: 110 W) for
45 min. During ultrasonic irradiation, these precursors generate their
respective ions while water decomposes into hydrogen ions (H") and
hydroxyl radicals (OH™) due to the high temperatures and pressures
generated locally by cavitation bubbles. These free radicals combine to
produce Hy and H20,, and consequently provide a highly oxidant me-
dium [27] thereby forming the corresponding oxides (Fe3O4, ZnO, and
Mn304). These oxides further oxidize under the influence of ultrasound
to form precipitates that were centrifuged, washed with ultra-pure water
five-to-six times and dried in air then annealed at 500 °C for one hour.

2.3. Characterization

The crystalline structure of as-prepared Zn;xMnyFe;O4 nano-
particles with different Mn concentrations was investigated with X-Ray
Diffraction (XRD) technique using Panalytical Expert Pro X-ray
Diffractometer. The octahedral and tetrahedral vibrational modes were
identified by Fourier Transform Infrared (FT-IR) using a PerkinElmer
Spectrophotometer. The morphology of the Zn;Mn,Fe;O4 nano-
particles was investigated by Transmission Electron Microscopy (TEM)
using a TALOS electron microscope operated at 200 kV accelerating
voltage. A detailed site-occupancy study was first carried out using a
constant-acceleration spectrometer with a 57Co(Rh) was used to obtain
Iron-57 (Fe57) Mossbauer spectra at room temperature. The absorbers
were made of a mixture (around 40 mg cm2) of powders with boron
nitride, while a-iron foil was used for calibration. The measurements
were carried out in the velocity ranges of + 4 mm/s, then fitted with
three Lorentzian doublets (Fullham program). This first site-occupancy
study was then further explored with X-ray photoelectron spectros-
copy (XPS) in an ultrahigh vacuum (UHV) system equipped with an
hemispherical electron analyzer (RESOLVE 120 MCD5). A dual anode X-
ray source (aluminum Ko hv = 1486.6 eV) was used. Both survey and
high-resolution spectra were recorded using the constant pass energy
mode (100 and 20 eV respectively). Finally, magnetic measurements
were conducted on dried powders introduced into standard capsules
using a Quantum Design MPMS VSM SQUID magnetometer. Zero Field
Cooled (ZFC) measurements were performed as follows: the samples
were initially cooled down to 4 K with no magnetic field, and the
magnetization was recorded under 100 mT while the temperature was
increased to 350 K. For the Field Cooled (FC) measurements, the tem-
perature was set to 350 K, the field was set to 100 mT, and the
magnetization was recorded while cooling down the samples to 4 K.

2.4. DFT calculation

Density Functional Theory (DFT) was performed in all our compu-
tational simulations with the help of the Quantum ESPRESSO package
(v.7.2) [28] We utilized the Perdew-Burke-Ernzerhof (PBESOL)
exchange—correlation functional within the framework of the General-
ized Gradient Approximation (GGA), incorporating an effective Hub-
bard coefficient (U) of 5.5 eV to better account for electron—electron
interactions within the d-orbitals of the transition metal ions [29] The
core and valence electron interactions were treated using the Projected
Augmented Wave (PAW) pseudopotential method [30] with configura-
tions as follows: Mn ([Ar] 4 s%, 3d>), Fe ([Ar] 4 s%, 3d®), Zn ([Ar] 4 s%
3d10), and O ([He] 2 s2, 2p4). The kinetic energy cut-off for wave func-
tions was set to 60 Ry, whereas for charge density, a cut-off of 400 Ry
was chosen. Structural relaxations were conducted until the forces
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acting on the atoms were below 0.02 eV/A. Additionally, convergence of
the total energy was achieved to within 10~ Ry, ensuring the accuracy
of the optimized geometries. The Brillouin zone integrations during
structural optimizations were performed with a 6 x 6 x 6 Monkhorst-
Pack k-points grid.

3. Results and discussion
3.1. Microstructure and morphology

XRD technique was first used to study the crystal structure the as-
prepared Zn; 4MnyFe,O4 powders, as depicted in Fig. 1. The observed
diffraction peaks correspond to those of a single phase crystallized in the
cubic spinel structure. In the case of x-Mn = 0, the powder diffraction
diagram is in full agreement with that of the ZnFe,04 crystal structure
(JCPDS card 01-077-0011, Fd-3 m space group). These peaks were
indexed as (22 0), (31 1), (2 2 2) and (4 0 0) planes, the broadening of
which is attributed to the nanocrystalline nature of the as-prepared
powders.

The lattice parameter “a” of the as-synthesized nanoparticles were
(h* + k* + ) and
listed in Table 1, where dpy; corresponds to the lattice spacing and (hk,I)
to their corresponding Miller indices. The dp; values were deduced from
the Bragg formula dpi; = A/2.5in(0). It can be noticed that the lattice
parameter “a” of sonochemically prepared Zn; \MnyFe,O4 nanoparticles
showed a substantial decrease as the x-Mn concentration increased. The
origin of such a decrease is directly linked to differences in ionic radii.
Replacement of Zn?* jons (a radius of 0.74 A) with those of Mn?" (a
much lower radius 0.67 A) should generally provoke a decrease in the
interionic distances causing a shrinkage of the lattice parameter. This
effect is expected to be very pronounced at high Mn concentration due to
the establishment of a mixed spinel structure where magnetic (Mn?",
Fe®*h) and nonmagnetic (Zn*") ions are randomly placed. A behavior
that is similar to the role of the inversion degree in Mn ferrites [31],
where increasing the degree of inversion was seen to systematically
decrease the lattice parameter.

The average crystallite size of the as-prepared Zn;.xyMnyFe;04 spinel
ferrite nanoparticles was evaluated by using the Scherrer formula [32]:

D= ﬁc—‘f)”sg where K equals to 0.9, A is the X-ray wavelength,  is the full

width at half maximum of the considered (311) diffraction peak, and 0 is
the diffraction angle. The average crystallite sizes for all x-Mn

determined using the following relation: @ = dpy ¥

Intensity (A.U)

29 (Degree)

Fig. 1. XRD patterns of the as-prepared Zn;Mn,Fe,O4 nanoparticles as a
function the x-Mn concentration. The dashed line is a guide for the eye.

Table 1

Lattice parameters and Crystallite sizes of the as-prepared Zn; Mn,Fe,O4

nanoparticles.
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X

Lattice
Parameter a (10\)

XRD Crystallite size D
(nm) (£0.1 nm)

TEM mean particles size
(nm) (£0.1 nm)

0.0  8.469(1) 15.2 15.9
0.2 8.466(1) 13.1 14.0
0.4 8.457(1) 12.1 12.9
0.6 8.445(1) 9.6 10.8
0.8 8.399(1) 8.9 10.1
1.0 8.354(1) 7.1 7.9

concentrations were summarized in Table 1. At first glance, it should be
noted that the intensity of the selected diffraction peak decreased
drastically with increasing x-Mn concentration, which suggests a sub-
stantial decrease in the size of the crystallites. This could suggest that a
longer sonication time [33] is probably needed to energetically activate
the formation of larger Mn-rich Zn; yMnyFe,O4 nanoparticles. This
finding clearly demonstrates the influence of ultrasound on the nucle-
ation and growth process of the ferrite nanoparticles. Let recall that in
the present investigation, power and ultrasonic-time conditions were
optimized to produce Mn-free ferrites (i.e. ZnFe;0,4) in order to preserve
the normal spinel structure. The Mn incorporation is, somehow, sup-
posed to slowdown the nanoparticles growth and to obstruct their ag-
gregation. Due to the surface energy of the particles, there will be a
tension force at the edge of the contact surface leading to a competition
between the surface energy and the ultrasonic force that is at the origin
of the nanoparticles size control [34].

Fig. 2 shows a series of TEM images corresponding to Zn;.xMnxFeoO4
as-prepared nanoparticles (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0). In terms of
morphology, ZnFez04 (x = 0.0) exhibit large and facetted nanoparticles.
Increasing the x-Mn concentration seemed to affect the shape towards
the formation of a quasi-spherical one. In addition, increasing the x-Mn
concentration provoked a decrease in the crystallites size as can clearly
be deduced from size distribution analyses (see diagrams in the insets
and Table 1), which is in good agreement with the above XRD findings.

Fig. 3 depicts the FT-IR spectra of Zn; yMnyFe,O4 nanoparticles. As
shown, the transmittance spectra were recorded in the wavenumber
range of 390 to 900 cm >, It is observable in Fig. 3 that the prominent
vibrational mode frequencies lie in the range of 400-450 cm ™' and
500-600 cm ™!, which respectively are assigned to the stretching in the
interstitial octahedral (B) and tetrahedral (A) sub-lattices. The values of
these vibrational mode frequencies, reported in Table 2, are seen to shift
towards higher frequencies along with increasing substitution of Mn2*
ions. This shift provides a clear indication of cationic redistribution after
the incorporation of Mn?" ions into the zinc ferrite spinel matrix. These
cationic redistribution is investigated in the following section using site
sensitive techniques.

3.2. Cation distribution and site occupancy

In the following section, a detailed investigation on the site occu-
pancy was performed on 0.4-Mn and 0.6-Mn samples using Mossbauer
and XPS spectroscopies, then supported with theoretical DFT studies.
Our attention was mainly focused on these two samples since they are
positioned in the middle-range of Mn concentrations where the site
occupancy preferences would determine the overall magnetic
properties.

To investigate and assess the oxidation states of iron atoms in our
powders, >’Fe Mossbauer spectroscopy was carried out at room tem-
perature. The obtained spectra for x = 0.4 and 0.6 are depicted in Fig. 4.
Their corresponding Mossbauer parameters are summarized in Table 3.
The Mossbauer spectra showed no signs of magnetic splitting, which
demonstrates the paramagnetic nature of the Zn;,Mn,Fe;O4 nano-
particles (x = 0.4 and 0.6) at room temperature. This result confirms the
absence of any super magnetic iron oxide-based impurity. The
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Fig. 2. TEM images of Zn; yMn,Fe,O4 nanoparticles for x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0, along with the respective size distribution in “

nm”. The scale-bar in the

images corresponds to 50 nm, while the x-scale unit in particle size distribution is “nm”.

Transmittance(a.u)

T T
600 500

Wave number (cm™)

T
700

Fig. 3. FT-IR spectra of sonochemically synthesized Zn;,Mn,Fe,O4 nano-
particles. The dashed line is a guide for the eye.

experimental data corresponds to an asymmetric doublet that can be
fitted by using two doublets. Indeed, a good quality fit of the Mossbauer
spectra was obtained by using two doublets attributed to
Fe3components. This result indicates the presence of two different
environments of Fe>* ions in the Zn;.,Mn,Fe,0, structure. The obtained
values of isomer shift imply that the high-spin Fe>* ions occupy A and B
sites in accordance with previous studies [35,36] The relative areas of
the sub-spectra were used to determine the Fe ions fraction in A- and B-
sites by assuming that the recoilless fraction is the same for the two sites

Table 2
Values of Infrared vibrational A- and B-sites mode frequencies as a function of x-
Mn concentration.

X Absorption band in A site (cm’l) Absorption band in B site (cm’l)
0.0 549.3 404.9
0.2 554.1 407.5
0.4 559.0 421.2
0.6 562.2 439.9
0.8 570.6 458.6
1.0 574.4 -

1004
98 -
] o Data
% — Fit
94 - ——Fe(Ill) B sites

—_ ——Fe(lll) A sites

2=

c 1 x=0.4

S 88

(7]

B 1867

% 98 -

C

96 -
o
= 94
92
90
88
86 T T

4 3 2 1 0 1 2 3 4
Velocity (mm/s)

Fig. 4. The Mossbauer spectra recorded at room temperature of as-synthesized
Zn; yMn,Fe,04 nanoparticles for x = 0.4 and x = 0.6.
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Table 3

The Mossbauer data deduced from measurements in Fig. 4.

Ultrasonics Sonochemistry 111 (2024) 107108

[37] For x = 0.6 sample; Fe®' ions located in B sites were estimated to
be around 58 % and remaining 42 % are in A sites. This result is a
signature of a significant Fe ions migration from B to A sites during Mn

x =04 x=0.6
ETR ions incorporation. In addition, the higher areas of the Mossbauer peaks
Fe’™ — site A 8 (mm/s) 0.34 (1) 0.34 (1) . . g . 34+
A(mmy/s) 0.39 (1) 0.44 (1) in the x = 0.6 sample is also an indication of a randomly placed of Fe
I[(mm/s) 0.30 (1) 0.32 (1) and Zn>" ions at A and B sites. With the increase of the Mn ratio in
Area (%) 42 (1) 42 (D) Zn; ,Mn,Fe;04 nanoparticles from x = 0.4 to x = 0.6, the values of the
3+ 3 s . . .
Fe™™ —site B Z(("““; S)) g'Z‘l‘ 8; g'z‘g‘ 8; quadrupole splitting of Fe>* increases in A sites (from 0.30 to 0.32 mm/
mm/s . . . . . . . . .
I(mm/s) 0.50 (1) 0.48 (1) s) and in B sites (.from 0.80 to 0.89 mm/s).whlch is an indication of the
Area (%) 58 (1) 58 (1) strong asymmetric nature of the local environment.
The XPS Fe-2p, Mn-2p, Zn-2p lines of the x = 0.4 and x = 0.6
samples are shown in Fig. 5, the data of which were regrouped in
Table 4. As can be observed, the Zn-Mn ferrites signal varies as a
6000 A g b
. Ve 60.36% 7~ AN
55.72% ;7\\\\ 14:\ 39.64% / v \f:;e
- 7\ S ’ YAV —
= — > \ e =
S 5000 - g N
2 N ', 7
2 ‘y
£ ——Fe 2p Exp 4
£ 4000 - E ——Fe 2p Exp
— —Fe*B — — Fe¥*B
— —Fe*A —_ Fe:ﬁ A
— Cumulative Fit Peak ——— Cumulative Fit Peak
3000 - 1
700 710 720 730 710 720 730
Binding Energy (eV) Binding Energy (eV)
Mn 2
C d Mn 2p 5 P12
104 Mn 2p 4,

Intensity (a.u)

Intensity (a.u)

~—— Mn 2p Exp
-~ — MnZ A
- — Mn*B 1
0.04 Cumulative Fit ——— Cumulative Fit Peak
Peak J
640 660 640 660
Binding Energy (eV) Binding Energy (eV)
14000 4 f Zn2* 2p Exp
- — zn ZQ'A
1 — Zn 2+ B
88.17% 11.83% —— Cumulative Fit Peak
13000
12000 ——2ZnZ A 2pExp
- Zn"”A 2p 3/2 Fit
— —2Zn*, 2p 1/2 Fit T
——— Cumulative Fit Peak
11000

1040
Binding Energy (eV)

1020 1060

1040 1060

Binding Energy (eV)

Fig. 5. The XPS spectra corresponding to the as-synthesized Zn; yMn,Fe,O,4 nanoparticles for x = 0.4 (a, c, €) and x = 0.6 (b, d, f).
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Table 4
XPS data as deduced from measurements in Fig. 5.
x-Mn = 0.4 x-Mn = 0.6
Fe3* (%) A- sites 55.72 39.64
B- sites 44.28 60.36
Mn>* (%) A- sites 34.43 85.22
B- sites 65.57 41.78
Zn%t (%) A- sites 100.00 88.17
B- sites 0.00 11.83

function of the x-Mn content, which strongly indicates a re-distribution
of cations. In terms of oxidation states, our findings revealed the exis-
tence of Mn?", Zn?* and Fe" ionic states within our samples, in
accordance with previously reported valence and oxidation analyses

Ultrasonics Sonochemistry 111 (2024) 107108

[38,39] Fe®* and Mn?* ions were seen to be located in both sites, A and
B, in agreement with our Mossbauer findings. It can be seen from Fig. 5a,
x = 0.4, that Fe-2p>2 and Fe-2p'/2 asymmetric peaks are composing the
Fe-2p signal with binding energies at 712.8 and 726.5 eV, respectively,
and the doublet spacing is around 13.7 eV in agreement with previous
reports [40] For the Fe-2p%? peak, the two contributions at about 712.5
and 714.8 eV were attributed to Fe>* cations in octahedral and tetra-
hedral sites, respectively. Those corresponding to the x = 0.6 sample
(Fig. 5b) are slightly shifted due to a change in the chemical environ-
ment, as Fe>* is more present in octahedral sites as compared to its
proportions in the x = 0.4 sample. This finding is in great accordance
with the above Mossbauer results. In the case of Mn signal, Fig. 5¢ (x =
0.4) showed two asymmetric peaks located around 644.2 and 655.5 eV
that correspond to Mn-2p*? and Mn-2p'/2, respectively. The Mn-2p*/?

a
8,6 r
A Experimental
ot A DFT Calculation
~—
=
S
z A
=
S
5 A
&
= (ZnosMng 5)[Fe,]0,
g 84 A A
~10°
(S|
(Zng375Mng sFeg 125)[ZNg 125F€1 75104 A
8,3 . 1 1 1 )
0 20 40 60 80 100
x (%)
X (%)
b '5500 T T T T 1
0 20 40 60 80 100
(Zno.sFegs)[Mng sFe; 51O, /0\ <o
-6000 [ 1)
-
=4
— o
- - | P
=1} 6500 (Zny sMng 375Feg 125)[MNg 155Fe; 575104 0/ ‘O\_l
s (Zno.sMno.s)[FeZ]Oz:\o// \'/g\
s L(@‘ J’ \y‘ (Zng2sMng sFeg 55)[ZNg 125MNg 155Fey 7510,
2 -7000 v (J<>l‘(Zno_375Mn0_5Fer125)[Mno_lstelms]Oa
3 o [
=] |
= ® ‘
7500 <> (Zng 375F €0 625) (Mg 655Fe1 375104
°
{1
\ |
8000 2 |

|
\?” (Zng 375Mng 155Feg 5) [Mng sFe; 5]O,

Fig. 6. (a) Comparison of experimental and calculated lattice parameters as a function of x-Mn concentration. The role of the degree of inversion is highlighted at x
= 50 %, red ellipse, where parentheses and brackets denote sites A and B, respectively. (b) Calculated total energy of ZnMn ferrites as a function of x-Mn con-
centration. The role of the degree of inversion is highlighted at x = 50 % and x = 60 %, red ellipses, where parentheses and brackets denote sites A and B,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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can be deconvoluted into two contributions and the binding energies are
642.8 and 644.9 eV that were attributed to the Mn?" cations with
tetrahedral and octahedral occupancies, respectively. Those corre-
sponding to x = 0.6 sample (Fig. 5d) show that Mn?* is less present in
octahedral sites as compared to those in tetrahedral ones. The spectrum
and fitting results of Zn-2p in x = 0.4 sample are presented in Fig. Se.
Zn-2p is composed of two asymmetric peaks located around 1023.1 and
1044.9 eV that correspond to Zn-2p>2 and Zn-2p/? respectively.
Obviously, these peaks only consist of a single site occupancy for Zn?*
that is tetrahedral. With increasing Mn incorporation, (x = 0.6 sample) a
slight contribution from Zn?* occupying octahedral sites is clearly evi-
denced. The Zn-2p*? splits into two peaks centered at 1022.5 and
1024.9 eV, which is ascribed to the zinc cations occupying tetrahedral
and octahedral sites, respectively, consistently with reported studies
[41,42] This behavior likely indicates that Mn?* and Zn?' ions are
progressively occupying both A and B sites leaving behind a mixed
spinel, which has also been confirmed by previous EXAFS [43] and
neutron diffraction [44] studies where it was demonstrated that Mn2t
ions only start occupying the tetrahedral sites up to a Mn concentration
close tox = 0.6.

According to our XPS and Mossbauer results, it turned out that the
crystallographic nature of the Znj MnsFesO4 nanoparticles was
revealed to be of mixed spinel type whatever the incorporated quantity
of Mn. In order to support our experimental data, we performed a series
of theoretical DFT studies on Zn; yMnyFe,O4 as a function the Mn con-
tent (x) and also a function of the inversion degree. First, calculation of
the lattice parameter “a” as a function of the Mn content (x) and as a
function of the inversion degree is illustrated in Fig. 6a. Our experi-
mental XRD data (from Fig. 1) were also added for comparison. Inter-
estingly, the trend of the later seems to perfectly match the one obtained
from theoretical calculations, which is a strong indication of the validity
of our approach. Furthermore, although the increase of the inversion
degree seemed to decrease the lattice parameter, such a decrease was
noticed to be quasi-negligible (less that 10™#A) in the case of x = 0.5, for
instance. A similar remark was also noticed in other values of “x”.
Regarding the total energy of each system (illustrated in Fig. 6b), our
theoretical calculations showed that the normal spinel type of ZnFe,04
is the most stable phase. When incorporating Mn in the crystal structure
of ZnFey0y4, the calculated total energy was observed to increase as a
function of the Mn content. Again, differences in the calculated total
energies as a function of the degree of inversion were found to be very
small. An example is illustrated for x = 0.5 where much less than 0.03
Ry was registered between two configurations (inset of Fig. 6b). In
general, the more mixed is the phase, the more stable it is. For con-
centrations x < 0.4, the less energetic systems were those where Zn ions
are only in A sites and Mn and Fe ions are occupying both sites, A and B,
which is very consistent with our XPS findings for x = 0.4. Due to the
very small variation of the total energy between different configura-
tions, one can deduce that the probability of formation of a mixed phase
is very high. In addition, Zn migration towards B sites was seen to be
viable only for x > 0.5. For x = 0.6 for instance, Zn migration towards B
sites was observed to be likely to occur, a result that explains well the
occurrence of Zn>" ions in B sites in our XPS results (Fig. 5f). Regarding
the site preference issue, our calculations seemed to indicate that Mn%*
ions relatively prefer to occupy B sites up to x < 0.5, then A sites for
higher Mn contents, which is likely indicative of an ion-exchange
characterized by a migration of Fe>* ions towards A sites to replace
Zn" ions. Over a certain threshold in terms of Mn?" ions incorporation,
close to the one in x = 0.6 sample, Mn®" ions showed a preference to
occupy A sites which logically should slowdown the migration of Fe>*
ions towards A sites. This tendency was seen to be accompanied by a
migration of Zn?* ions towards the B sites.

3.3. Magnetic properties

Magnetic hysteresis loops along with ZFC/FC vs temperature curves

Ultrasonics Sonochemistry 111 (2024) 107108

were measured in order to study the magnetic properties of the as-
synthesized Zn;,Mn,FesO4 nanoparticles. The measurement of the
magnetization as a function of temperature, which provide information
on the mean blocking temperature and particle size distribution [45], is
illustrated in Fig. 7a. From the FC-ZFC curves it is observed that all
samples transit from a blocked state to a superparamagnetic one at a
blocking temperature Tg, which is different for each sample. The less Mn
is incorporated, the lower the Tg. In a typical “two states” model, the
ZFC curve is characterized by a maximum at Tg where the magnetic
particles are supposed to be either fully blocked or fully super-
paramagnetic [46] However, given the stochastic nature of the ther-
mally induced switching, the blocked/superparamagnetic transition will
have a certain width that depends on the nanoparticles size-dispersion
[47,48], the contribution of which is expected to affect the shape of the
curve [45,49] In Fig. 7a, up to x = 0.6, samples exhibit a curvature in
the ZFC curve and a hump in the FC curve, which are indicative of the
occurrence of high anisotropy [50] However, for x > 0.8, the flat nature
of the FC curve and the broadening in the ZFC curve suggest a low
anisotropy. Nevertheless, the shapes of all ZFC/FC curves are typical for
magnetic nanoparticles with a broad size distribution [51], where Ty is
seen to increase with decreasing the particles size. Such an increase in Tp
might be the result of a magnetic interaction among particles due the
increase in the nanoparticles concentration [52].

The variation of magnetization as a function of magnetic field
(plotted in Fig. 7b) was recorded at room temperature (300 K) for all
Znj 4MnyFe;04 samples (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), while coercive
field (H¢) and remanent magnetization (Mg) values evolution is reported
in Table 5. The ZnFeyO4 (x = 0) sample is understandably quasi-
paramagnetic, while all the samples become superparamagnetic with
increasing x-Mn substitution. With increased incorporation of Mn?* ions
into the Zn ferrite structure (up to 0.4 < x < 0.6), a saturation magne-
tization was clearly obtained along with the lowest H¢ and the highest
Mg values. The observed magnetization at saturation in sample x = 0.6
(Ms ~ 10 emu/g) is in fact comparable with those reported in the
literature (18 emu/g [53], 12 emu/g [54,55]), but substantially higher
than that of nanosized Zn-Mn particles synthesized by the sol-gel
combustion method (5 emu/g) [56] The squareness ratio [57] (Mr/Ms)
for such a sample was almost zero (~ 0.0078) which suggests that the
Zngy 4Mng ¢Fe204 compound might prove to be a promising candidate as
a magnetic fluid to be used in biomedical imaging [58] Further increase
of Mn?", x > 0.8, the difficulty in aligning the very small nanoparticles
is clearly seen, resulting in low Mg and high Hc values.

To recapitulate, in the Zn ferrite structure (x = 0), the spinel is
normal and nonmagnetic Zn?* ions occupy the A sites while Fe>" ions
occupy B sites with anti-parallel moments. No A-B interactions occur
while that of B-B between Fe3* ions is very weak making the ferrite
paramagnetic. Up to a Mn concentration of x = 0.6, the sudden increase
in saturation magnetization is very obvious. Such an increase is actually
caused by the incorporation of Mn?* ions at the expense of Zn?* ions
giving rise to a change in the distribution of cations favorable to a super-
exchange creation. Indeed, due to the observed migration of Fe>* ions
towards the tetrahedral A sites, an activation of the Fe3t_0%_Fedt
super-exchange interaction occurred, which results in the observed large
magnetizations. In fact, an Fe>*ionata given A site and its nearest Fe3*
neighbors at B sites form a sort of cluster in which each Fe>*(B) spin is
coupled with the Fe>*(A) spin by an A-B interaction, which is much
stronger than B-B ones [59] With further incorporation of Mn2* ions (x
> 0.8), the total net magnetic moment decreases, indicating that the
magnetic moments at A and B sites are in opposite directions and
somewhat cancel each other out. Thus, as the Mn content increases, the
mixed nature of ZnjMn,Fe;O4 spinel structure is altering, or even
weakening, the super-exchange interaction between Fe>"-0?—Fe3*
ions, and the B spins are no longer rigidly aligned parallel to the few
remaining A spins. This increase in the inversion degree, combined with
the very small size of the nanoparticles, is most probably responsible for
the further decrease in magnetization.
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Fig. 7. (a) FC-ZFC curves corresponding to the as-synthesized Zn; \MnsFe;04 nanoparticles. The dashed line indicates the evolution of the blocking temperature Tp

(b) Magnetic hysteresis curves for as-synthesized Zn; yMn,Fe,O4 nanoparticles.
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Table 5
As-extracted values of Mg, Mr and Hc from hysteresis loops of Fig. 7b as a
function of Mn concentration (x).

x-Mn Ms (emu/g) Mg (emu/g) Hc (Oe)
0.0 2.0 0.007 23.1
0.2 2.5 0.011 37.9
0.4 6.5 0.063 27.8
0.6 9.5 0.078 7.1
0.8 6.1 0.018 31.2
1.0 7.5 0.021 31.3

4. Conclusions

In the present study, the sonochemical method was used to prepare
Zn;_yMn,Fe;04 (0 < x < 1) nanoparticles with improved magnetic
properties. The incorporation of Mn?" was investigated by a variety of
techniques such as XRD, TEM, FT-IR, Mossbauer and XPS. The crystal-
line phase of the as-prepared nanoparticles was found to be that of
spinel-type ferrite crystallized in the cubic structure. As the incorpora-
tion of Mn increased, the shape of these nanoparticles was seen to vary
from cubic to spherical forms, where fine analyses of the lattice
parameter showed a substantial decrease. This decrease was due to the
differences in the Zn?* and Mn?" ionic radii. In terms of cation distri-
bution and site occupancy, spectroscopic analyses and theoretical DFT
calculations showed that the more mixed the phase, the more stable it
was. Quasi-systematic ionic movements were made possible by the very
short reaction times and high energy offered by intense ultrasonic
waves. A kind of rapid stabilization of the phase was observed upon
introduction of Mn. The latter first occupied the Fe B-sites and pushed it
to migrate towards the A-sites to fill the lack of Zn. The best magnetic
performances were obtained at Mn incorporation thresholds between
50 % and 60 %, thanks to the accentuation of super-exchange in-
teractions and a very low squarness ratio (Mgr/Mg), which is very
promising for applications in biomedical imaging. When these thresh-
olds were exceeded, the stabilization of the structure required, on the
one hand, that the Mn?* ions occupied both sites, A and B, which forced
the Zn to migrate towards octahedral sites. On the other hand, these
ionic movements also caused a slowdown in the migration of Fe3" ions
towards the tetrahedral sites, thus reducing the much sought-after
super-exchange effect. These two phenomena were therefore at the
origin of the observed degradation of magnetic performances.
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