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Effect of Thermal Treatment at Inert Atmosphere
on Structural and Magnetic Properties
of Non-stoichiometric Zinc Ferrite Nanoparticles

ANGELIKA KMITA, JAN _ZUKROWSKI, JULIUSZ KUCIAKOWSKI,
MARIANNA MARCISZKO-WIĄCKOWSKA, ANTONI _ZYWCZAK,
DOROTA LACHOWICZ, MARTA GAJEWSKA, and MARCIN SIKORA

Zinc ferrite nanoparticles were obtained by chemical methods (co-precipitation and thermal
decomposition of metalorganic compounds) and systematically probed with volume (XRD,
VSM), microscopic (TEM) and element sensitive probes (ICP-OES, Mössbauer Spec-
troscopy, XPS, XAFS). Magnetic studies proved the paramagnetic response of stoichiomet-
ric ZnFe2O4 (ZF) nanoparticles, while superparamagnetic behavior was observed in
as-synthesized, non-stoichiometric ZnxFe3�xO (NZF) nanoparticles. Upon annealing up to
1400 �C in an inert atmosphere, a significant change in the saturation magnetization of NZF
nanoparticles was observed, which rose from approximately 50 up to 140 emu/g. We
attribute this effect to the redistribution of cations in the spinel lattice and reduction of Fe3+

to Fe2+ during high-temperature treatment. Iron reduction is observed in both ZF and NZF
nanoparticles, and it is related to the decomposition of zinc ferrite and associated
sublimation of zinc oxide.
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I. INTRODUCTION

NANOCRYSTALLINE magnetic nanoparticles are
characterized by unique properties, such as superpara-
magnetism, stable core/shell structures, high catalytic
activity and chemical reactivity. These reveal enhanced
physical properties, e.g., magnetization and permeabil-
ity, compared to their bulk counterparts.[1–8] Selected
systems, for example, zinc ferrite, have low toxicity,
which is advantageous in terms of applications in
biotechnology/biomedicine (drug delivery, magnetic
hyperthermia, imaging),[9–12] as magnetic fluids[13–15]

and in environmental remediation.[16–19] In addition,
zinc ferrites are also promising candidates for

application in magnetic storage[20] or as a photo-ab-
sorber material for light-driven water splitting.[21]

Stoichiometric zinc ferrite ZnFe2O4 (ZF) belongs to
a group of ferrites, i.e., iron oxides of the general
formula (Me1�x

2+ Fex
3+)Td [Mex

2+ Fe2�x
3+ ]Oh O4, where ()Td

denotes tetrahedral sites and []Oh denotes octahedral
sites. Bulk ZFs have a paramagnetic nature around
room temperature, when it is the normal spinel with Zn
incorporated mostly in the tetrahedral lattice sites, so
the super exchange interaction between Fe magnetic
ions located in Td and Oh sublattices is excluded.
When the particle size decreases, the composition of ZF
is altered, leading to the occurrence of superparamag-
netism or ferrimagnetism at room temperature.[5,22–29]

This is mainly related to the redistribution of cations in
the lattice, which occurs when grain sizes are decreased
to nanoscale.[24,30–32] In contrast to bulk ZF (of normal
spinel structure), nanoparticles of stoichiometric zinc
ferrite (ZF NPs) reveal a mixed spinel structure, where
Zn2+ and Fe3+ cations are distributed between ()Td
and []Oh sites. Non-stoichiometry of nanoparticles is
usually compensated for by point defects in the crystal
structure.[22,33] This is why in case of ZN NPs even a
small deviation of Zn content from the stoichiometric
composition causes significant changes of physi-
cal-chemical properties, especially magnetic[33–37] and
structural.[22,23,31,36,38]
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Several doping models of Fe3O4 nanoparticles by zinc
ions Zn2+ leading to the formation of non-stoichiomet-
ric zinc ferrite (NZF), ZnxFe3�xO4 are proposed in the
literature.[23,24,34,35,39–42]

Ma et al.[34] discuss two models of doping that are
dependent on the concentration of Zn2+ ions in NZF
NPs. The first model, proposed for x £ 0.2, assumes that
non-magnetic Zn2+ ions are taking Td sites, substituting
partially Fe3+ ions, while Fe2+ ions in Oh sites are
substituted by Fe3+ ions. The second model is proposed
for higher Zn2+ content, i.e., x> 0.2. It assumes that a
part of the Zn2+ ions takes the place of Fe3+ in Td sites,
while the other part takes the place of Fe2+ in Oh

sites.[34] Both mechanisms lead to an increased magnetic
moment of nanoparticles. On the other hand, Srivastava
et al.[24] proposed the mechanism in which all Zn2+ ions
are in Td sites, reducing the amount of Fe3+, while Fe2+

ions are distributed in Td as well as in Oh sites. Control
of the doping provides an efficient tool for designing
nanoparticles of required magnetic properties.[24,34,35]

It is well known that thermal treatment of as-prepared
magnetic nanoparticles at elevated temperatures can
reduce the surface disorder and improve the magnetic
properties, but this leads to significant grain
growth.[43,44] Several papers were devoted to studying
the changes of the physical-chemical and especially
magnetic properties of ZF NPs, which are associated
with phase and size changes during thermal treat-
ment.[22,32,43,45–50] In high-temperature applications of
zinc ferrite the most interesting is the temperature range
of 1100 �C to 1200 �C, at which the thermal decompo-
sition of zinc ferrite occurs; the final products of this
reaction are both solid and gaseous. Various decompo-
sition temperatures are reported in the literature, which
depend on several factors, such as the stoichiometry of
zinc ferrite, grain size, atmosphere, heating rate, con-
stant temperature annealing time and initial material
purity, etc.[21,51–55]

Thermal decomposition of ZF is crucial in high-tem-
perature processes such as metal casting,[51,56] clean
energy production (H2 and/or O2) using water splitting
by solar/chemical energy conversion systems (solar
fuels),[21,52,53] use as an absorbent material for hot-gas
desulfurization and to remove sulfur-containing impu-
rities from coal gas because of its enhanced chemical
reactivity[45,57] and as a catalyst.[58–60] The investigation
of the influence of high temperature (up to a temper-
ature of 1200 �C) on the magnetic and structural
properties of ZF NPs was discussed in several
papers.[22,30,32,43,45,47–51,54,55,61,62] However, the influence
of higher temperature on the properties mentioned is
less known.[52,53]

The result of the annealing process at high temper-
ature depends on the atmosphere in which the process
takes place. Philip et al.[45] studied ZF NP annealing in
vacuum. The authors found dynamic changes of the
lattice parameter and an increase of magnetic properties
of particles related to the cation redistribution in the
lattice due to increasing temperature. In addition, the
authors assume that these changes result from Fe3+

reduction to Fe2+.[45] Singh et al.[48] investigated the
influence of temperature (from 400 �C to 700 �C, in air)

and sintering time of ZF NPs on the structural and
magnetic properties. They found that the higher the
heating temperature the lower the saturation magneti-
zation of particles. Ayyappan et al.[61] observed that ZF
NPs heated up to 1000 �C in air change their magnetic
properties from superparamagnetic to paramagnetic,
whereas particles heated in vacuum become ferromag-
netic. This indicates that the oxygen vacancies during
the annealing process play an important role in the
migration of cations between interstitials leading to
robust magnetic ordering. Finally, Makovec et al.[22]

pointed out that heating of ZF and NZF NPs to a
temperature of approximately 600 �C causes significant
changes in their lattice parameter and magnetization.
These changes are related to the change in the nanopar-
ticle composition and structure.
The effect of the thermochemical decomposition of

ZF is especially important for H2 production in water
splitting using solar energy. Kaneko et al.[53] showed
that this process starts at a temperature> 1227 �C, and
at 1477 �C about 40 pct molar of the ZF decomposes.
Stopić et al.[55] determined the decomposition temper-

ature of the technical zinc ferrite (1011 �C to 1120 �C in
an inert atmosphere) and proved the presence of Fe3O4 in
the final products. The results were used to create a
stochastic geometric model of the decomposition process
of zinc ferrite from neutral leach residues.[54]

While ZF is a common subject of scientific work,
systematic research on NZF NPs is still rare. In view of
potential high-temperature applications, it is crucial to
establish the thermal resistance of such nanoparticles.
Here, the influence of Zn stoichiometry on the structural
and magnetic changes of the final solid products of the
thermal decomposition of NZF NPs is discussed.
Nanoparticles heated up to 1400 �C in inert atmosphere
were studied. The decomposition degree and corre-
sponding concentrations of Fe2+ ions were determined.
Also, the distribution of cations and magnetic properties
was determined. Our results show that high temperature
thermal treatment of NZF NPs in inert atmosphere
leads to significant Fe3+ reduction and similar struc-
tural transformations as in the case of ZF NPs, but
magnetic properties are greatly enhanced, contrary to
ZF NPs.

II. MATERIALS

Iron(III)chloride hexahydrate (FeCl3Æ6H2O), iron(II)
chloride tetrahydrate (FeCl2Æ4H2O), iron(III)acetylacet-
onate (Fe(acac)3), zinc(II)acetylacetonate hydrate (Zn(a-
cac)2ÆxH2O) and benzyl alcohol (BA) (C7H8O) were
from Sigma-Aldrich. Zinc chloride (ZnCl2) and sodium
hydroxide (NaOH) were from POCH. All chemicals
were used without further purification

A. Synthesis of ZnxFe3�xO4 NPs via Co-precipitation
Method

ZF and NZF NPs (ZnxFe3�xO4, 0< x £ 1) were
synthesized via the co-precipitation method, which was
redesignated based on the synthesis in works.[5,63] In this
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process, adequate amounts of FeCl3Æ6H2O, FeCl2Æ4H2O
and ZnCl2 were dissolved in deionized water. The ratio
of the metal ions was Fe2+:Fe3+:Zn2+ = (1 � x):2:x.
A water solution of NaOH was used as the precipitating
agent. The precipitate that formed was separated and
washed with deionized water. Based on ICP-OES the
composition of these particles was ZnFe2O4 and
Zn0.35Fe2.65O4 named respectively as S1 (x = 1NaOH)
and S4 (x = 0.35NaOH). The dried samples were utilized
for further characterizations.

B. Synthesis of ZnxFe3�xO4 NPs via the Thermal
Method in Non-aqueous Solvent

NZF NPs were synthesized via thermal method,
which was redesignated based on the synthesis in
References 23, 64–67. In a typical reaction, Fe(acac)3
and Zn(acac)2 (molar ratio 2:1) were dissolved in 3.5 mL

of benzyl alcohol (BA), which was used as the solvent,
capping agent and reducing agent for the combined
reduction and thermal decomposition reaction. The
mixture was heated to 120 �C and kept for 1 hour and
finally heated to 200 �C to reflux the mixture and kept
for 2 hours. The mixture with precipitates was cooled
down to ambient temperature and then washed by
organic solvents (ethanol, diethyl ether) several times.
Based on ICP-OES, the composition of these particles
was Zn0.86Fe2.14O4 and Zn0.53Fe2.47O4 named respec-
tively as S2 (x = 0.86BA3.5) and S3 (x = 0.53BA7). The
dried samples in powder form were utilized for further
investigations.
Nanoparticles were heated from 30 �C to 1400 �C

under inert atmospheres at a constant heating rate
ß = 10 �C/min using a TA Instruments Q600
thermobalance.

Table I. Lattice Parameter a Obtained from the Rietveld Refinement of the X-ray Diffractogram for As-prepared and After
Thermal Treatment Samples; Average Crystal Size d of As-prepared Samples and Samples After Thermal Treatment Calculated

Using Scherer’s Formula (XRD); Particle Size D Measured Using Transmission Microscopy

Sample Phase
Lattice Constant Parameter

a (nm)
d (nm)
XRD

D (nm)
TEM

As-prepared nanoparticles
S1 Spinel type

Zn-ferrite
0.84824 (9) 3.15 (2) 3.2 ± 0.7

S2 0.84675 (7) 3.62 (2) 4.0 ± 0.7
S3 0.84291 (5) 4.57 (4) 4.9 ± 0.8
S4 0.84080 (4) 6.50 (7) 6.2 ± 1.3

Solid product after thermal treatment up to 1400 �C
S1¢ Spinel type

Zn- ferrite
0.84519 (2) 51.2 (7) —

S2¢ 0.84367 (1) 131 (6) —
S3¢ 0.84263 (1) 293 (50) —
S4¢ 0.84133 (1) 44.4 (3) —

Fig. 1—Rietveld refinement of XRD patterns for: (a) as-prepared samples (S1–S4) and (b) for solid products (S1–S4¢) after thermal treatment up
to 1400 �C.
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III. CHARACTERIZATION METHODS

The determination of the zinc and iron concentration
in the as-prepared samples S1–S4 were analyzed by
inductively coupled plasma optical emission spec-
troscopy (ICP-OES) using a Thermo Scientific CAP
7000 Plus spectrometer.

The X-ray diffraction (XRD) was used to detect the
phase of all samples before (S1–S4) and after their
thermal treatment (S1¢–S4¢). The data were collected
using a Panalytical Empyrean diffractometer (Royston,
UK) with Cu Ka radiation (1.541874 Å) at 40 kV and
40 mA in the Bragg-Brentano (h/2h) horizontal geom-
etry (0.026 step at 3000 s/step). The crystallite size of the
samples was estimated from the X-ray line broadening
of the most intense peak using Scherrer¢s formula, while
the lattice parameters of the samples were estimated by
the Rietveld method.

The morphology, size distribution and average parti-
cle size of all samples were measured using micrographs
from a TEM Tecnai TF 20 X-TWIN (FEI) transmission
emission microscope equipped with a field emission gun,
having a point resolution> 0.25 nm.

Determination of defects of the output material and
the degree of decomposition of zinc ferrite nanoparticles
was performed using:

– X-ray photoelectron spectroscopy (XPS) PHI 5000
VersaProbe II spectrometer with an Al Ka
monochromatic x-ray beam. The spectra were
recorded using a PHI 5000 VersaProbe II
(ULVAC-PHI, Chigasaki, Japan) spectrometer with
a Al Ka monochromatic X-ray beam (E = 1486.6
eV). The operating pressure in the analytical cham-
ber was < 3 9 10–7 Pa. The X-ray source was
operated at 25 W and 15 kV beam voltage. Spectra
were collected from three points each of 100 lm
diameter for each sample. A dual-beam charge
neutralizer was used to compensate the charge-up
effect. The pass energy of the hemispherical ana-
lyzer for iron (Fe 2p) spectra was fixed at 23.5 eV
and for other elements at 46.95 eV. The calibration
energy used was C1s = 284.8 eV of the atmo-
spheric carbon and hydrocarbon adsorbed on the
sample surface. The spectrum background subtrac-
tion was performed using the Shirley method. Data
analysis software from PHI MultiPak was used to
calculate elemental compositions from the peak
areas.

– X-ray absorption spectra (XAS) were collected at
room temperature using the high-energy resolution
fluorescence detection (HERFD) method at ID26
beamline of the European Synchrotron Radiation
Facility (Grenoble, France). A Si(311) double-crys-
tal monochromator was employed to select inci-
dent photon energy with the resolution of
approximately 0.2 eV, while a set of four Ge(440)
spherically bent crystal analyzers and avalanche
photodiodes was used to detect Fe Ka emission
intensity;

– 57Fe Mössbauer spectroscopy in the transmission
geometry at room (300 K) and cryogenic (80 K)
temperatures. Measurements were performed using
a constant acceleration type spectrometer Renon
MS-4 with 57Co source in Rh matrix kept at room
temperature.

Volume magnetic properties were probed using a
Lakeshore 7407 Vibrating Sample Magnetometer
(VSM) equipped with cryostat cooling with liquid
nitrogen. Measurements were collected at room
(300 K) and cryogenic (80 K) temperatures.

IV. RESULTS AND DISCUSSION

A. Chemical Characterization of the As-prepared
Samples

The as-prepared NPs were subjected to chemical
analysis by the ICP-OES method. Ferrites of the
following chemical composition were obtained:
ZnFe2O4 (S1), Zn0.86Fe2.14O4 (S2), Zn0.53Fe2.47O4 (S3)
and Zn0.35Fe2.65O4 (S4).

Table II. Chemical Composition Determined via ICP-OES

Measurements Compared with XPS Results

Samples
Volume Composition

(ICP-OES)
Surface Composition

(XPS)

S1 ZnFe2O4 Zn1.3Fe1.70
S2 Zn0.86Fe2.14O4 Zn1.14Fe1.86
S3 Zn0.53Fe2.47O4 Zn0.73Fe2.27
S4 Zn0.35Fe2.65O4 Zn0.35Fe2.65

Fig. 2—Expected evolution of the lattice parameters of NZF vs. Znx
doping concentration (lines) compared to the results of XRD
analysis (points). The solid line approximates the lattice constant
dependence on x between franklinite and magnetite (as for Zn2+

locating in Td sites), while the dashed line estimates the dependence
between the S1 sample and magnetite (as for Zn2+ locating in Oh

sites).
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Fig. 3—TEM micrographs of as-prepared nanoparticles with size histograms shown in the insets and corresponding SAED patterns.
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B. X-ray Diffraction analysis

X-ray diffraction (XRD) studies confirmed that S1–S4
samples are zinc ferrite with varying degrees of non-sto-
ichiometry with the FCC spinel structure (Figure 1).
The following diffraction peaks were identified: (022),
(113), (004), (224), (115) and (044).[24,68]

The average mean size of the crystallites for all
samples was calculated using Scherrer’s formula (-
Table I). In light of the presented results (Figure 1 and
Table I), it can be concluded, that for all samples the
as-synthesized crystallite size is decreasing from 6.5 nm
(x = 0.35) to 3.15 nm (x = 1) with an increase of the
Zn doping concentration in the zinc ferrite structure.
This is a known phenomenon in this group of ferrites,
attributed to thermodynamic factors rather than to
nucleation features.[69,70] In the solid product, formed
after heating up to 1400 �C (samples S1’–S4’), phases
with a spinel structure such as zinc ferrite and/or
magnetite were identified. Additionally, a trace amount
of ZnO (at the limit of detection of 0.5 wt pct) was
identified in sample S1’ (Figure 1(b)). The stronger
broadening of S1–S4 XRD peaks suggests that S1¢–S4¢
samples consist of significantly larger nanocrystallites
(Figures 1(a) and (b)). During annealing, the primary
grains of solid products expand by coalescence[43,45,50]

(visible sharp peaks in XRD spectra, Figure 1(b)).
The crystal cell parameters as a function of Zn

concentration for the as-prepared samples (S1–S4) and
for solid products after thermal treatment (S1’–S4’) were
determined by Rietveld refinement and are given in
Table I.

The XRD analysis indicates that the lattice constant
for samples S1–S4 and for S1–S4¢ decreases with Zn
content in the structure (Table II, Figure 2). For the
as-prepared samples, the observed changes are the result
of a variable Zn concentration and distribution,[69]

which was controlled by a mutual Zn/Fe ratio during
synthesis. However, in the case of annealed samples, the

lattice parameter a was decreasing and approaching
values expected for the lattice constant of magnetite
Fe3O4 substituted with Zn in the tetrahedral site,
depicted as normal (spinel) in Figure 2. This is in line
with the hypothesis of a partial thermochemical decom-
position of the zinc ferrite including sublimation and
partial reduction to produce ‘‘new’’ ZnxFe3�xO4(s),
which is a solid solution between ZnFe2O4 and Fe3O4.
Similar results were obtained in the previous study.[53]

C. Morphology and Composition of Zinc Ferrite

The TEM pictures for all as-prepared nanoparticles
and the corresponding selected area electron diffraction
patterns (SAED) are shown in Figure 3. SAED patterns
confirm the FCC phase (Fd–3m space group). The
morphology of the S1–S4 samples is spherical in shape.
The crystal size values determined by XRD (Table I)

are in good agreement with the particle size determined
by TEM using ImageJ software. With a decreasing Zn
content in the structure the average grain size increases
(Table I). Generally, all samples after thermal treatment
present a common tendency to increase in size by the
coalescence process,[43,44] which is in agreement with the
TEM results (Figure 4) and XRD investigation
(Figures 1(a) and (b)) and Table I). The EDX qualita-
tive analysis of the chemical composition of the final
solid products indicates significant changes of peak
intensity, especially originating from oxygen, zinc or
iron, which suggests that the annealing process leads to
essential structural evolution in nanoparticles.

D. XPS Analysis

XPS spectra of as-prepared ferrite nanoparticles
S1–S4 and for materials after thermal treatment
S1’–S4’ that allowed quantifying their composition (C,
Si, O, Fe and Zn elements) collected for all samples are
presented in Figure 5. Chemical composition of the
as-prepared ferrites was determined based on the XPS
data and compared with the ICP-OES results (Table II).
The XPS formulas match well with the ICP-OES results
only for the S4 sample, with a small amount of zinc. For
samples S1–S3, the amount of zinc in the structure is
larger than that obtained via ICP-OES. Thus, such a
large amount of Zn may suggest a higher accumulation
of zinc in the surface layer of the nanoparticles,[6]

because the XPS information depth is about 4.5 nm for
Fe3O4 and 10 nm for the organic layers.[71,72]

In addition, the chemical composition of the surface
of particles was examined before and after thermal
treatment. Table III summarizes the results for the
ferrite samples before and after heating. The ratio of
zinc to iron in the samples increases from S1–S4. A
trend in the zinc content is similar in the samples after
heat treatment. However, the zinc content decreases
noticeably (Table III). This decrease in zinc concentra-
tion in samples after heating may be due to the release of
zinc oxide from the nanocrystalline structure. It is
possible because ZnO sublimes congruently and then
dissociates to Zn(g) and O2(g) under the influence of

Fig. 4—TEM images for solid products after thermal treatment of
sample S3¢ up to 1400 �C (average crystal size calculated using
Scherer’s formula was about 290 nm).
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Fig. 5—Fe2p3/2 XPS high-resolution spectra of (a through d) obtained for ferrite samples S1–S4 and (e through h) samples S1’–S4’ after thermal
treatment.
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high temperature.[73–76] Such results are in agreement
with the XRD analysis (Figure 1, Table I).

Furthermore, high-resolution spectra of Zn 2p and Fe
2p regions were analyzed to determine the chemical states
of the elements in all the samples before and after heating.
Analyses of Fe 2p spectra (Figure 5) for all samples, except
S1, showed the presence of Fe2 + (709.2 eV) and Fe3 +

(710.5 eV) in octahedral [ ]Oh sites and Fe3+ (712.0 eV) in
tetrahedral ()Td interstices.[77,78] The Fe 2p3/2 peak
observed at 709.3 eV is assigned to Fe2+ species present
in the ferrite, and 2p3/2 peaks at 710.5 and 712.0 eV are
attributed to Fe3+ species, respectively.[79,80]

After the heating process, an increase in the Fe2+

content in the all tested ferrites was observed (Table IV).
These observations display agreement between the XPS
measurements and Mössbauer’s data.

E. HERFD-XAS Analysis

Fe 1s2p HERFD-XAS shows a typical shape of spinel
oxide for all the studied samples. In the near-edge range
(Figure 6(a)), the only significant evolution due to
thermal treatment is a considerable sharpening of the
features (multiple scattering peaks). This is consistent
with the increase of structural order due to the increase
of crystallite size as derived from XRD. On the other
hand, a significant change is visible in the pre-edge range
(Figures 6(b) and (c)), which reflects a weighted average
of the spectral shape of all the excited iron sites. It is
predominantly sensitive to density of unoccupied 3d

states of transition metal ions and their multiplet
structure.[82] In the case of spinel ferrites, it consists of
combined signals from Td and Oh coordinated iron ions
in various oxidation states.
The K pre-edge spectrum of each of the as-synthesized

samples studied (S1–S3) is different. The spectrum of S1
agrees well with that of the hematite reference (pure Fe3+

in octahedral sites), except that the minimum between the
two characteristic peaks is weaker; this is attributed to the
small admixture of Fe3+ in tetrahedral sites. A single
pre-edge peak is present in the spectrum of sample S2. It is
similar to that of magnetite; however, it is shifted to higher
photon energy as in the case of maghemite (c-Fe2O3).

[83]

This pre-edge shape suggests that sample S2 is formed
predominantly from Fe3+ ions, which are distributed
between Oh and Td sites. The spectrum of S3 shows a
characteristic maximum at the same energy (7.1139 keV)
as magnetite, which is an indication of the presence of
tetrahedrally coordinated Fe3+ ions and octahedrally
coordinated Fe2+. However, the lower peak intensity and
a noticeable bump at the high energy shoulder agree with
lower Fe occupation of Td with respect to Oh sites by Fe

3+

ions compared to pristine Fe3O4. As such, the evolution
observed in the Fe K pre-edge spectra (Figure 6(b)) of the
as-synthesized samples agrees qualitatively with the
hypothesis of formation of inverse (or mixed) spinel in
NZF nanoparticles.
Noticeable evolution upon thermal treatment is pre-

sent in the Fe K pre-edge range, which is revealed in a
gradual shift of the spectral weight towards lower

Table III. Ratios Between Zn/Fe Based on Analysis of the Atomic Concentration (XPS Data) and Calculated Amount of Zinc for

Samples Before and After Heating

Samples

Zn/Fe
Based on XPS

Atm Pct
Determined Amount of

Zinc x
Samples After Heating

1400 �C

Zn/Fe
Based on Xps

Atm Pct
Determined Amount of

Zinc x

S1 0.76 1.30 S1¢ 0.43 0.90
S2 0.61 1.14 S2¢ 0.18 0.46
S3 0.32 0.73 S3¢ 0.09 0.25
S4 0.13 0.35 S4¢ 0.11 0.30

Table IV. XPS Results, Fe Attributions
[82]

and the Quantitative Analysis

Fe Attribution As-Prepared Samples Area (Pct)
Samples After Heating

1400 �C Area (Pct)

Fe2+Oh 0 20
Fe3+Oh S1 45 S1¢ 43
Fe3+Td 55 37

Fe2+Oh 11 22
Fe3+Oh S2 41 S2¢ 38
Fe3+Td 48 40

Fe2+Oh 17 24
Fe3+Oh S3 38 S3¢ 41
Fe3+Td 45 35

Fe2+Oh 22 49
Fe3+Oh S4 34 S4¢ 32
Fe3+Td 44 19
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photon energy visible in Figure 6(c). This is a clear
indication of the increasing number of Fe2+ ions in the
total population of iron. The strongest evolution is
observed for the samples with high Zn content (S1¢ vs.
S1 and S2¢ vs. S2), while it is much weaker in case of the
S3¢ (vs. S3) sample. This observation agrees with the
scenario of significant reduction of iron ions caused by
annealing, which is suggested by XPS. However,
HERFD-XAS proves that the effect is present also in
the volume of particles. To quantify the relative amount
of ferrous to ferric iron ions, we performed a detailed
Mössbauer spectroscopy study, which is discussed in the
next section.

F. Mössbauer Spectroscopy
57Fe Mössbauer spectroscopy was performed to

determine the structural and chemical properties of iron
(i.e., cation distribution in the spinel lattice and oxida-
tion state) for both as-prepared ZnxFe3�xO4 nanopar-
ticle samples (S1–S4) and their solid products after
thermal treatment (S1¢–S4¢). The Mössbauer spectra
(MS) were recorded at room (300 K) and cryogenic
(80 K) temperatures (Figure 7).

Mössbauer spectra samples S1–S4 were analyzed in
terms of two components. For some components
superparamagnetic relaxation effects were taken into
account in the frame of the relaxation Blume-Tjon
model,[84] assuming fluctuation frequency aniso-
tropy.[85,86] Component relative contributions, isomer
shift IS and mean hISi values for as-prepared
ZnxFe3�xO4 samples measured at 300 K and 80 K are
presented in Table V.

The inversion parameters r were calculated (Table V)
assuming that spectrum component contributions cor-
respond to the relative iron occupation at tetrahedral Td

and octahedral Oh positions,[24] respectively: (Znx�r

Fe1�x+r)Td [Zn r Fe2�r]Oh O4

r ¼ 2� r� 1� xð Þ½ �= rþ 1ð Þ ½�

where r = C2/C1 and x = Zn amount.
The results in Table VI show that the as-prepared

nanoparticles (S1–S4) have a mixed spinel structure.
Thermally treated samples S2¢–S4¢ exhibit large mag-
netic splitting indicating strong magnetic iron interac-
tions. The spectra were analyzed in terms of a number of
magnetic components and the products of ferrite
nanoparticle decomposition. The results of the analysis
for spectra measured at 300 K and 80 K are presented in
Table VI.

Mean isomer shift hISi as a function of Zn content for
measurements at 300 K and 80 K is presented in
Figure 8. Isomer shift IS represents mutual proportions
of Fe3+ and Fe2+. Generally IS<0.5 mm/s corresponds
to Fe3+ while IS> 0.5 mm/s corresponds to Fe2+.[34]

For zinc ferrite nanoparticles of non-stoichiometric
composition, especially for small nanoparticles (d< 10
nm), the determined above boundaries are not always
identified in practice.[5,24] hISi for the as-prepared
samples is characteristic for low-spin Fe3+ and does
not change with Zn content (approximately IS300 K

= 0.35 mm/s, IS80 K = 0.45 mm/s). They are close to
hISi values for maghemite, c-Fe2O3, at these tempera-
tures (approximately hISi300 K = 0.32 mm/s, hISi80 K

= 0.42 mm/s). An increase of hISi is observed for
thermally treated (S1¢–S4¢) samples as a function of Zn
ion concentration (Figure 8). This probably testifies to a
partial reduction of Fe3+ ions to Fe2+ ions as a result of
thermal decomposition of zinc ferrite nanoparticles [53]

due to reaction (1):

6 Fe2O3ðsÞ ¼ 4 FeOðsÞ � Fe2O3ðsÞ þ O2ðgÞ ½1�

This behavior of the nanoparticles of zinc ferrite at
high temperature (partially thermochemical decomposi-
tion) means that zinc ferrite nanoparticles can be
potentially used in the functionalization of binding
materials in the foundry industry to improve the quality
of the castings.[87]

Making use of isomer shift scaling between maghe-
mite and magnetite nanoparticles,[88] and assuming that
zinc ferrite and maghemite have nearly the same isomer
shift, the degree of Fe3+ reduction in decomposition

Fig. 6—Fe 1s2p HERFD-XAS in the near-edge region of S1 and S1¢
(a) and pre-edge region of S1–S3 (b) and S1–S3¢ (c). Reference
spectra of magnetite (Fe3O4, mixed Fe2+/3+, mixed Oh/Td) and
hematite (a-Fe2O3, pure Fe3+, pure Oh) are shown for comparison
in (b, c).

METALLURGICAL AND MATERIALS TRANSACTIONS A

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


process (1) was estimated (Table VII). The detailed data
concerning the decomposition process of the considered
(S1¢–S4¢) samples are listed in Table VII.

As an example, when approximately 6 pct moles of
Fe2+ ions were formed in solid products after decom-
position of Zn0.35Fe2.65O4 at a temperature of 1400 �C,
this means that approximately 24 pct moles of initial
ferrite (Zn0.35Fe2.65O4)—because of its thermochemical
decomposition—underwent conversion to Fe3O4 form-
ing ‘‘new ferrite’’ Zn0.19Fe2.81O4, which is a solid
solution between Zn0.35Fe2.65O4 and Fe3O4.

[53]

G. Magnetic Properties

The evolution of magnetic properties accompanying
the chemical changes of S1–S4 and S1¢–S4¢ samples was
determined based on measurements of magnetization M
vs. applied field H at room (300 K) as well as at
cryogenic (80 K) temperatures (Figure 9). Saturation

magnetization, Ms, was estimated at the maximum field
applied, i.e., 15 kOe, and further refined based on the
law of approach to saturation (LAS)[36,89] according to
Eq. [1]:

M Hð Þ ¼ Ms 1� kBT

l0 lh iH

� �
þ vdiaH; ½2�

where MS = saturation magnetization the at a partic-
ular temperature, vdia = high field susceptibility,
kB = the Boltzmann constant.
In this way, it is possible disentangle the relative

signal that originates from the superparamagnetic phase
characteristic for NZF from that of paramagnetic ZF.
The results obtained indicate the superparamagnetic
character of the as-prepared samples (S1–S4) (Figure 9).
However, a significant fraction of the paramagnetic
signal recorded on the S1 sample agrees well with the
expected ZF composition. The magnetization saturation

Fig. 7—57Fe Mössbauer spectra recorded at 300 K and 80 K for: (a) as-prepared nanoparticle samples (S1–S4) and (b) solid products after
thermal treatment up to 1400 �C (S1¢–S4¢).
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Table V. Fe Component Contribution Ci, Isomer Shift IS, Mean hISi and Inversion Parameter r for As-prepared ZnxFe32xO4

Samples, Determined at 300 K and 80 K

Sample

300 K 80 K

Comp.
Ci.
pct IS (mm/s) hISi (mm/s) r Comp.

Ci

pct IS (mm/s) hISi (mm/s) r

S1 1 39 0.346 0.347 0.78 1 34 0.452 0.453 0.68
2 61 0.348 2 66 0.454

S2 1 44 0.348 0.348 0.80 1 43 0.423 0.451 0.78
2 56 0.348 2 57 0.478

S3 1 50 0.349 0.349 0.77 1 39 0.430 0.430 0.49
2 50 0.490 2 61 0.430

S4 1 46 0.353 0.345 0.57 1 41 0.453 0.454 0.44
2 54 0.339 2 59 0.459

The isomer shift values are relative to the 57Co(Rh) source at room temperature.

Fig. 7—continued.
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(Ms) falls along with increasing zinc content in a tested
range of 0.35 £ x £ 1.0, coming to near zero value for
x = 1 (S1). The highest Ms value equal to 52.8 emu/g
(at 300 K) is exhibited by nanoparticle S4, for which
x = 0.35 (Figure 9, Table VIII). Similar behavior is
observed at 80 K (Figure 9, Table VIII).

After annealing up to 1400 �C, the S1–S4¢ samples
indicated Ms values increased from 2 to 3 times (at
80 K) and from 2 to 4 times (at 300 K) in relation to the
initial samples (Table VIII, Figures 9 and 10).

Generally, for superparamagnetic nanoparticles, the
field-cooled (FC) magnetization monotonically increases
with decreasing temperature.[36,90] Such temperature
dependence of FC confirms that the as-prepared sam-
ples, e.g., S3 (Figure 11(a)), are formed by superpara-
magnetic and paramagnetic phases, which is
characteristic for distribution of NZF NPs of< 10 nm
mean diameter. After annealing (Figure 11(b)), the
temperature dependence of magnetization changes to
ferri-/ferromagnetic, which is expected after an increase

of Fe2+ ion content, decrease in Zn content and
significant growth of grains, in line with the observa-
tions of XRD, Mössbauer, XPS, HERFD-XAS and
other investigations.[91]

Based on the systematic investigation of non-stoi-
chiometric zinc ferrite nanoparticles by means of XRD,
XPS, Mössbauer spectroscopy, VSM and HERFD-
XAS, the probable cation distribution in the spinel
structure can be proposed. It is discussed on the basis of
the expected magnetic properties of nanoparticles,
as-prepared (S1–S4) and solid products, after their
decomposition at 1400 �C (S1–S4¢) following the models
proposed in References 24, 34,35.

� for the as-prepared (S1–S4) samples:

the observed decrease of the Ms value accompanying
the Zn concentration increase, 0.35 £ x £ 1 is probably
the effect of the domination of non-magnetic Zn2+ ions,
which are in ()Td as well as [ ]Oh sites, according to the
model below:

Table VI. 57Fe Mössbauer Spectral Parameters: Component Contributions Ci, Isomer Shift IS and hISi, Magnetic Hyperfine Field

B and Mean hBi as Determined for Thermally Treated ZnxFe32xO4 Nanoparticles (S1¢–S4¢) Recorded at 300 K and 80 K

Sample

300 K 80 K

Comp.
Ci

pct IS (mm/s) hISi (mm/s)
B

(kGs)
hBi
(kGs) Comp.

Contrib.
pct IS (mm/s) hISi (mm/s)

B
(kGs)

hBi
(kGs)

S1¢ 1 100 0.369 0.369 — — 1
2

76.9
23.1

0.466
0.657

0.510 — —

S2¢ 1 31.5 0.235 385 1 12.6 0.420 500
2 27.0 0.436 0.410 351 280 2 29.8 0.500 0.534 480 419
3 14.3 0.410 268 3 16.2 0.435 442
4 27.2 0.587 96 4 12.1 0.861 416

5 29.3 0.538 312

S3¢ 1 26.6 0.399 457 1 29.1 0.418 512
2 12.8 0.717 0.437 421 413 2 37.5 0.531 0.586 494 468
3 31.5 0.439 404 3 20.6 0.816 443
4 29.1 0.345 380 4 12.9 0.755 332

S4¢ 1 28.0 0.265 476 1 38.8 0.418 506
2 34.5 0.591 0.479 433 418 2 31.89 0.556 0.573 492 474
3 6.0 0.576 395 3 24.6 0.866 448
4 31.5 0.528 352 4 4.8 0.427 212

The isomer shift values are relative to the 57Co(Rh) source at room temperature.

Table VII. Number of Moles of Fe
2+

Ions Before Decomposition, Decomposition Ratio, Number of Moles of Fe
2+

Ions Formed
as a Reduction Result, Molar Ratio of Fe2+/Fetotal and the Proposed Chemical Formula of Zinc Ferrite After Its Thermochemical

Decomposition

Sample

Mole Content of
Fe2+ Ions
Before

Decomposition
Decomposition

Ratio

Mole Content of
Fe2+ Ions,
Formed

as a Result of
Reduction

Molar Ratio of Fe2+/Fe total

(Pct Fe2+ Ions Formed
as a Result of Reduction

in Solid Products)

Chemical Formula
for Zinc Ferrite
After Thermal
Decomposition

S1: ZnFe2O4 0 10 pct 0.06 0.03 (3.00 pct) S1¢: Zn0.94Fe2.06O4

S2: Zn0.86Fe2.14O4 0.14 20 pct 0.13 0.06 (6.07 pct) S2¢: Zn0.73Fe2.27O4

S3: Zn0.53Fe2.47O4 0.47 21 pct 0.14 0.05 (5.66 pct) S3¢: Zn0.39Fe2.61O4

S4: Zn0.35Fe2.65O4 0.65 24 pct 0.16 0.06 (6.03 pct) S4¢: Zn0.19Fe2.81O4
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Fig. 8—Mean isomer shift hISi, determined for the as-prepared (S1–S4) samples and after thermal treatment (samples S1¢–S4¢), measured at 300
K (a) and 80 K (b).

Fig. 9—VSM results at 80 K and 300 K for the as-prepared (a, c) and after thermal treatment samples (b, d).

METALLURGICAL AND MATERIALS TRANSACTIONS A

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Zn2þxTd<OhFe
3þ
1�x

� �
Fe3þ1þxFe

2þ
1�xZn

2þ
x Oh>Td

� �
O2�

4

where ‘‘x’’ denotes the concentration of Zn2+ ions; in
the ()Td sites, the concentration of Zn2+ is smaller than
in the [ ]Oh sites.

The mutual fraction of Zn2+ cations in the Td and Oh

sites is changing along with Zn concentration changes in
ferrite. These changes occur in such a way that at higher
concentrations the fraction of Zn2+ ions in the Oh sites
is larger than in the Td sites. This is in agreement with
investigations presented in References 24, 34, 41, 42.

� for the solid products after decomposition at
1400 �C (S1–S4¢):

the clearly observed increase of the Ms value is
probably caused by non-magnetic Zn2+ ions existing
only in the Td sites, in which they are partially
substituting Fe3+ ions, according to the model:

Zn2þx Fe3þ1�x

� �
Fe3þ1þxFe

2þ
1�x

� �
O2�

4

where ‘‘x’’ denotes the concentration of Zn2+ ions.
Thus, to maintain the charge equilibrium, the number

of Fe2+ ions in the octahedral sites decreases, according
to (1 � x). Since the magnetic moment of Fe3+ ions is
higher than that of Fe2+ ions, the total magnetic
moment increases.
Investigations in References 34, 35 confirm that this

distribution of cations in the spinel lattice of zinc ferrite
NPs, at relatively low concentrations of Zn
0.2 £ x £ 0.4, is responsible for the high Ms values
(e.g., 154 emu/g for x = 0.2).[35]

V. CONCLUSION

As revealed by XAS and Mossbauer spectroscopy, the
stoichiometric ZF NPs (S1) have mixed spinel structure,
i.e., Zn2 + ions occupy both tetrahedral and octahedral
sites. Mossbauer spectroscopy of the NZF NPs (S2–S4)
also reveals a mixed spinel structure, i.e., the inversion
degree r was respectively 0.80, 0.77 and 0.57 (Table V).
Upon systematic investigation of the evolution of the

structural and magnetic properties of ZF and NZF NPs
upon annealing to 1400 �C in the inert atmosphere (at a
constant heating rate ß = 10 �C/min), we can draw the
following conclusions:

� annealing of ZF and NZF NPs leads to re-growing
of grains by means of coalescence and sintering
(XRD, TEM, Mössbauer spectroscopy);

� the tested NZF NPs samples (S2–S4) are undergoing
thermochemical decomposition in approximately
20 pct under the applied conditions (annealing up
to 1400 �C, inert atmosphere), as shown by Möss-
bauer spectroscopy, XPS, XANES and VSM;

� for ZF NPs of stoichiometric composition (S1), the
decomposition degree under the applied conditions
is twice lower than for NZF NPs;

Table VIII. Comparison of Ms Results (Measured) and Ms Values Obtained from LAS Fittings for the As-prepared Samples
(S1–S4) and for the Final Products After Their Annealing Up To 1400 �C (S1¢–S4¢)

Sample

Ms (emu/g),
1.5 T, 80 K

Sample

Ms (emu/g),
1.5 T, 300 K

As-Prepared

Sample

After Thermal Treatment at
1400 �C As-Prepared

Sample

After Thermal
Treatment at

1400 �C

Measured
LAS
fit Measured

LAS
Fit Measured

LAS
fit Measured

LAS
Fit

S1 15.0 12.0 S1¢ 40.1 34.5 S1 2.0 0.2 S1¢ 7.5 3.2
S2 34.7 35.2 S2¢ 127.8 136.2 S2 20.5 21.0 S2¢ 76.6 74.3
S3 59.2 59.7 S3¢ 137.3 144.4 S3 30.3 31.3 S3¢ 108.8 109.3
S4 78.4 81.8 S4¢ 142.0 145.9 S4 52.8 54.85 S4¢ 116.5 118.3

Fig. 10—Ms values at 80 K for nanoparticles of the as-prepared
(S1–S4) and for after annealing (S1–S4¢) samples as a function of Zn
content.
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� Mössbauer spectroscopy proves that after annealing
NZF NPs are enriched in Fe2+ ions and depleted of
Zn2+ ions (shown by XRD and XPS);

� zinc ferrite of a different composition than that of
the initial sample is a solid solution of ‘‘initial zinc
ferrite’’ and magnetite Fe3O4 (cf. Table VI, Möss-
bauer spectroscopy, XRD, XANES, XPS);

� XRD investigations indicate that annealing at a
temperature up to 1400 �C causes a decrease of the
lattice constant of samples;

� zinc ferrites formed after annealing indicate a
significant increase of the magnetization saturation
(in relation to their initial values), probably being
the effect of reduction and/or relocation of cations in
the spinel lattice.
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J.-M. Grenèche, F. Chau, and S. Ammar: Chem. Mater., 2010,
vol. 22, pp. 5420–29.

42. A.H. Morrish: The Physical Principles of Magnetism., Wiley-IEEE
Press, 2001.

43. S. Mallesh and V. Srinivas: J. Magn. Magn. Mater., 2018, vol. 475,
pp. 290–303.

44. Y. El Mendili, J.-F. Bardeau, N. Randrianantoandro, F. Grasset,
and J.M. Greneche: J. Phys. Chem. C, 2012, vol. 116,
pp. 23785–92.

45. J. Philip, G. Gnanaprakash, G. Panneerselvam, M.P. Antony,
T. Jayakumar, and B. Raj: J. Appl. Phys., 2007, vol. 102,
p. 054305.

46. P. Sivagurunathan and K. Sathiyamurthy: Can. Chem. J., 2016,
vol. 4, pp. 244–54.

47. M. Amir, H. Gungunes, A. Baykal, M.A. Almessiere, H. Sozeri,
I. Ercan, M. Sertkol, and S. Asiri: J. Supercond. Nov. Magn., 2018,
vol. 31, pp. 3347–56.

48. S. Singh, N. Kumar, A. Jha, M. Sahni, R. Bhargava, A. Chawla,
R. Chandra, S. Kumar, and S. Chaubey: J. Supercond. Nov.
Magn., 2014, vol. 27, pp. 821–26.

49. M.A. Cobos, P. Presa, I. Llorente, J.M. Alonso, A. Garcı́a-Esco-
rial, P. Marı́n, A. Hernando, and J. Jiménez: J. Phys. Chem. C,
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54. B. Janković, S. Stopić, A. Güven, and B. Friedrich: J. Magn.
Magn. Mater., 2014, vols. 358–359, pp. 105–18.
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M.F. Hansen, M. Varón, C. Frandsen, and Q.A. Pankhurst: J.
Phys. D Appl. Phys., 2017, vol. 50, p. 265005.

89. J.P. Wang, D.-H. Han, H.-L. Luo, Q.-X. Lu, and Y.-W. Sun:
Appl. Phys. A, 1995, vol. 61, pp. 407–15.

90. M. Suzuki, S.I. Fullem, I.S. Suzuki, L. Wang, and C.-J. Zhong:
Phys. Rev. B, 2009, p. 024418.

91. T. Kamiyama, K. Haneda, T. Sato, S. Ikeda, and H. Asano: Solid
State Commun., 1992, vol. 81, pp. 563–66.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

METALLURGICAL AND MATERIALS TRANSACTIONS A

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

	Effect of Thermal Treatment at Inert Atmosphere on Structural and Magnetic Properties of Non-stoichiometric Zinc Ferrite Nanoparticles
	Abstract
	Introduction
	Materials
	Synthesis of ZnxFe3minusxO4 NPs via Co-precipitation Method
	Synthesis of ZnxFe3minusxO4 NPs via the Thermal Method in Non-aqueous Solvent

	Characterization Methods
	Results and Discussion
	Chemical Characterization of the As-prepared Samples
	X-ray Diffraction analysis
	Morphology and Composition of Zinc Ferrite
	XPS Analysis
	HERFD-XAS Analysis
	Mössbauer Spectroscopy
	Magnetic Properties

	Conclusion
	Acknowledgments
	References




