Impact statement

This work advances the synthesis of iron oxide
nanoparficles by infroducing a simple and scalable
solgel auto-combustion (SGAC) that can selec-
tively yield either magnetite (Fes0,) or magh-
emite (y-Fe,05). Spinel iron oxides are central
to multiple fields, ranging from geoscience and
archaeology to biomedical imaging, catalysis, and
data storage. However, controlling which phase
is obtained remains a long-standing challenge
because of their structural similarity and overlap-
ping magnetic responses. Our study demonstrates
that controlling the synthesis atmosphere in SGAC
governs phase formation, enabling the repro-
ducible preparation of high-purity magnefite or
maghemite.

Importantly, magnetite samples exhibit a clear Ver-
wey fransition — a key electronic ordering phenom-
enon — providing a reliable fingerprint of phose
purity and stoichiometry. The ability to systematically
compare the two phases synthesized under identi-
cal conditions provides new insights info oxidation-
driven transformations in spinel iron oxides.
Beyond the fundamental interest, this work offers
a practical pathway toward producing well-defined
iron oxide nanomaterials at scale, without relying
on expensive precursors or complex processing. By
bridging fundamental mechanisms with reproduci-
ble synthesis strategies, our resulis are relevant not
only to materials chemists but also fo researchers
developing technologies in energy, environment,
medicine, and information storage.
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This study presents a roadmap for the controlled sol-gel auto-combustion synthesis of
magnetite (Fe;0,) and maghemite (y-Fe,O3) nanoparticles, with a focus on the influence of
atmospheric conditions during the synthesis process. Combustion in ambient air results in
a mixture of hematite (a-Fe,O3) and spinel-type iron oxides (Fe;0,/y-Fe,03), as confirmed
by x-ray diffraction and magnetic measurements. In contrast, combustion performed in
a tubular oven under air predominantly yields the y-Fe,O5; phase. When the process is
conducted under an argon atmosphere, nearly pure Fe;O, nanoparticles are obtained,
exhibiting high saturation magnetization (~74 Am?kg™' at 300 K) and a clear Verwey
transition at ~117 K. Additionally, Mdssbauer spectrometry study confirmed formation
of distinct iron oxide phases by different hyperfine parameters. The scalability and
reproducibility of the argon-based synthesis were demonstrated across 20 independent
batches, all displaying consistent structural and magnetic characteristics. Post-synthesis
annealing in air further elucidates the thermal phase transformation from Fe;O,/y-Fe,O4
to a-Fe,O4 at elevated temperatures. These findings underscore the pivotal role of
atmospheric control in tailoring the phase composition and magnetic properties of iron
oxide nanoparticles.

Introduction physico—chemical and magnetic properties,
Iron oxides, such as magnetite (Fe;0,), highly valuable for various applications
maghemite (y-Fe,0;), and hematite such as medicine, environmental remedia-
(a-Fe,05), have attracted significant atten- tion, and catalysis.'® Two polymorphs with
tion in the field of materials science due to  the spinel structure, Fe;O, and y-Fe,O;, are
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ferrimagnetic materials with a saturation magnetization (M)
at 300 K of ~91 and ~73 Am?kg ™!, respectively.”® Although
Fe;0, features a slightly higher magnetic response, y-Fe,0,
has a higher chemical stability, electrical resistivity, and bio-
compatibility.”"'? Hematite, instead, exhibits antiferromag-
netic properties at cryogenic temperatures and weak ferrimag-
netic properties above the first-order spin-flop Morin transition
(~260 K), where it possesses an uncompensated moment of
~0.5 Am*kg ™! due to spin canting between the two magnetic
sublattices.'>™!> Beyond its magnetic behavior, hematite’s high
chemical stability and semiconducting nature make it attrac-
tive for applications in catalysis,'®'® pigments,'>?° and gas
sensors.”!

The crystal structures of all these oxides play a crucial role
in their magnetic order and the resulting physical and chemi-
cal characteristics. Fe;O, is a mixed-valence iron oxide with
Fe'l located in octahedral (O,) and Fe'" equally distributed in
both octahedral (O,) and tetrahedral (T,) sites. Consequently,
Fe;0, at room temperature is an inverse spinel oxide belong-
ing to the space group Fd3m.*”!3 The structure of y-Fe,0;
can be considered as a defective magnetite structure composed
exclusively of Fe' cations compensated by cation vacancies
to maintain charge neutrality.'? These vacancies could be dis-
tributed randomly, forming cubic order or long-range tetrago-
nal superstructures on O,-coordinated sites.?> On the other
hand, a-Fe,O; crystallizes in the thombohedral corundum-type
structure with space group R3¢.>

The interconversion among the various iron oxide phases
previously discussed is a synthetic process that can be con-
trolled by heating in specific atmospheric conditions. In par-
ticular, the transformation from magnetite to maghemite and
subsequently to hematite, occurs progressively with increasing
temperature in the presence of oxygen:>*~2’

~300°C 2(300—400)°C
4Fe304 + O ——— 6y-Fep03 ———— > 6 a-Fep0s.
6]

The temperature intervals in this transformation pathway can
be considered approximate, as the formation of intermediates
strongly depends on the effective surface of the sample. At the
nanoscale, this oxidation sequence is particularly sensitive to
both the oxygen partial pressure and the particle size of the pre-
cursor oxide.*!%**7:28 It was shown that Fe,0, nanoparticles
start being oxidized to y-Fe,O5; when heated at already 100°C
in air, forming a partially ordered vacancy structure with space
group P4,32 or P4,;32. Upon further heating to 300—400°C, a
fully ordered y-Fe,O; with space group P4,2,2 or P4;2,2 can
be obtained.?’ Thus, although iron oxide nanoparticles can be
synthesized by a variety of chemical routes, the detailed mech-
anisms underlying their phase transformations and structural
ordering remain under active investigation. 2?4303

Over the past three decades, numerous advanced synthesis
strategies have been developed to fabricate nanostructured iron
oxides with fine control over their structural, morphological,
and chemical characteristics. Among these, micellar routes,>°
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thermal decomposition of Fe—citrate complexes,?” surfactant-
assisted high-temperature decomposition techniques,*® the
polyol method,* and their tailored combinations have been
extensively explored for the rational design of novel mag-
netic nanostructured materials.***' A major limitation of these
methodologies lies in the relatively low yields achievable at
the laboratory scale (typically 100-300 mg), which signifi-
cantly constrains their applicability in large-scale technologi-
cal domains. In this framework, the sol—gel auto-combustion
(SGAC) method has become a promising synthetic strategy
for preparing a large variety of metal-oxide nanoparticles due
to its short preparation time, low energy consumption, and
environmental friendliness.*>* In addition, this method shows
arelatively high yield (gram order) on the laboratory scale.

As already discussed in the literature,*>*** the SGAC
proceeds through sequential stages involving gel formation,
dehydration, ignition, and redox decomposition of Fe—citrate
complexes. Summarizing:

1. formation of Fe—citrate complexes in solution;

2. gelation through dehydration and cross-linking;

3. thermal decomposition of metal-organic species with the
release of gases;

4. redox reaction between nitrates (oxidizers) and the organic
fuel (citric acid), forming Fe;O, as the primary oxide.

Subsequent oxidation of Fe;O, under oxygen-rich con-
ditions leads to the formation of y-Fe,O; and could further
promote transformation to a-Fe,O5. In the combustion step
(step 4), upon heating, rapid dehydration and ignition promote
gel swelling and the evolution of gases such as CO,, H,0,
and N,, which provide internal porosity and initiate the self-
sustained combustion.*** The literature reports several stud-
ies for synthesizing Fe;O,, y-Fe,0;, and a-Fe,05 by SGAC
methods under different conditions.**>* In particular, Desh-
pande et al. studied the effects of oxidizer-fuel selection on
SGAC synthesis of Fe;O, or a-/y-Fe,O; mixtures by heating
an iron(IlI)-citrate gel in argon or air atmospheres.**>* The
authors suggest a two-step mechanism in which the formed
Fe;O0, powder leads to the a-/y-Fe,O; polymorph forma-
tion when the as-burnt powder is exposed to environmental
oxygen. This approach allows control over the presence of
the a-phase, with a simple setup, using economical resources
such as iron nitrate, citric acid, and water. Later, other authors
reported similar approaches using different fuels or strategies
to avoid using the inert atmosphere.>>=>’

The resulting powders from the SGAC process are usu-
ally a mixture of mostly both a- and y-Fe,0; phases.>
According to R. Ianos et al.,’” the combustion of the xero-
gel composed of Fe—citrate complexes in the air promotes
the rapid oxidation of Fe?* to Fe’" due to oxygen in the air,
resulting in a mixture of a-Fe,05 and y-Fe,05;. However,
the combustion in the absence of air leads to the formation
of Fe;0,, independently of the ligand used as a precursor of
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phase-selective SGAC synthesis of
both Fe;0, and y-Fe,O; nanoparticles.
While earlier works only investigated
the preparation of maghemite,*>*> here
we extend this approach to include
magnetite obtained under controlled
conditions. To the best of our knowl-
edge, this is the first report to explicitly
address the Verwey transition in SGAC-
derived magnetite nanoparticles, link-
ing synthesis conditions to phase
purity and low-temperature electronic
ordering. The synthesis was carried out
under different atmospheres, includ-
ing ambient air and argon atmosphere

(1) FO-ambient

(2) FO-argon

(3) FO-air

DT/TG analysis é

(either in the reactor vessels equipped
with a heat source or in a tubular oven).
Postannealing studies in air were also
conducted to give new insights into the

(4) FO-oven

subjected to differential thermal/thermogravimetric (DT/TG) analysis.

Figure 1. Schematic illustration of the synthesis route for iron oxide nanoparticles using
the sol-gel auto-combustion (SGAC) method: preparation of (i) citrate—iron nitrate sol and
(i) iron(lll)-citrate xerogel (ICX); (i) auto-combustion reaction of ICX was carried out under
different conditions: (a) on a hot plate in ambient air (FO-ambient), (b) in a two-neck flask
under argon (FO-argon) or airflow (FO-air), and (c) in a tubular oven (FO-oven). ICX was also

transformation among different iron
oxides. In addition, the reproducibil-
ity of the SGAC method was investi-
gated, providing new insights about the
potential scalability of the process. In

the gel (e.g., citric acid, sucrose, or glucose). Cannas et al.*’
reported that y-Fe,O; nanoparticles could be obtained
by a SGAC process in a preheated oven at temperatures
from 290°C up to 325°C, while above these temperatures,
a-Fe,0; is also formed.

Despite the extensive research, achieving single-phase
nanoparticles and understanding the conditions control-
ling the synthesis of specific desired Fe;0,/y-Fe,0,
phase remains challenging. This void seems to be due
also to the intrinsic complexity in distinguishing Fe;0,
from y-Fe, 0, by using x-ray diffraction (XRD).® In addi-
tion, they exhibit quite similar magnetic properties at the
nanoscale, such as Mg and coercivity (Hc).*!** However,
a first-order phase transition at ~117 K, referred to as the
Verwey transition (7Y), is a fingerprint of Fe;O, that can
be observed in the temperature dependence of magneti-
zation or transport properties.>'*®* The Verwey transition
is attributed to the ordering of ferrous and ferric ions in
the interstitial sites with octahedral and tetrahedral sym-
metry.®! For temperatures above Ty, the distribution can
be expressed as (Fe’)[Fe>>"], indicating a mixed-valence
state. However, below Ty, it changes to (Fe*")[Fe*",Fe?'],
indicating charge ordering. This charge ordering is accom-
panied by a structural change, where Fe’* and Fe?" jons
in the Oh interstitial sites arrange themselves alternately
along the (001) planes, causing a transition from cubic to
an orthorhombic crystal structure.

summary, our results not only highlight
the critical role of atmosphere control
in obtaining spinel iron oxide nanoparticles with a preferential
phase, but also offer a comprehensive overview of the SGAC
method.

Experimental section

Synthesis of iron oxide nanoparticles
Iron oxide nanoparticles were prepared with the SGAC method
using citrate—iron nitrate precursors with some modifications.*
Ferric nitrate nonahydrate Fe(NO;);-9H,0 (Aldrich, 98%) and
citric acid C4HgO, (CA, Aldrich, 99.9%) were mixed with a
magnetic stirrer (300 rpm) in de-ionized water to obtain a solution
with a 1:1 molar Fe"/CA ratio in a beaker. Ammonium hydroxide
NH,OH (Aldrich, NH; 30%) was then added dropwise under
constant stirring to adjust the pH up to 7. The clear solution was
heated on a hot plate, at ~80°C for 2 h, until the three-dimensional
cross-linked network iron(IIl)-citrate xerogel (ICX) formed after
solvent evaporation. The temperature was monitored using the
built-in hot plate sensor. The resulting ICX was ground in an agate
mortar before the following annealing steps.

The subsequent ICX combustion was performed via sev-
eral routes (Figure 1).

Open-air combustion (“FO-ambient”)

The annealing of ICX was carried out directly in the reaction
vessel on a preheated hot plate in air at 350°C for ~3 min.
Because heating was performed in a tall vessel, no material
loss occurred during combustion. The as-obtained powder

MRS BULLETIN « VOLUME 51 « APRIL 2026 » mrs.org/bullefin 8 353



exhibited different colors, indicating inhomogeneity in phase
composition. This has already been observed and discussed
in previous papers.*>%2

The obtained powders were divided into several batches
of equal amounts to conduct a systematic study of the mag-
netic properties. Each batch was subjected to postannealing
in an oven under an air atmosphere for 1 h at 500, 600,
700, and 800°C, respectively. We refer to them as “FO-xxx,”
where “xxx” denotes the temperature of thermal treatment.

Controlled inert atmosphere combustion (“FO-argon”)
For the FO-argon sample, the ICX was transferred into a two-
neck flask connected to a Schlenk line. The atmosphere was
purged by three evacuation/argon refill cycles to remove resid-
ual air. Subsequently, combustion was performed at 350°C
under a continuous flow of high-purity argon for ~3 min.

Combustion in airflow (“FO-air”)
This sample was prepared as the “FO-argon” sample but in
airflow instead of argon, for comparison.

Combustion in a tubular oven (“FO-oven”)
The ICX was placed in a quartz tube (~1 cm in diameter)
and inserted into the central zone of a tubular furnace. Com-
bustion was carried out at 350°C for 10 min. After cooling
to room temperature under air, the powders were collected.
All resulting powders were subsequently ground again with
an agate mortar and pestle to ensure homogeneity and were
investigated without any further purification.

Morpho-structural and magnetic characterization
Thermogravimetric (TG) and differential thermal (DT) analy-
ses of citric acid (powder) and ICX were carried out on a Met-
tler Toledo TGA/SDTA 851 in the range of 100—400°C with
a heating rate of 10°C-min ! under oxygen and argon flows
(flow rate = 50 ml-min"). For all analyses, ~10 mg of material
was placed in an alumina crucible.

The XRD patterns were acquired with a MiniFlex
(Rigaku) diffractometer using a Cu Kot anode (A=1.54184 A)
in the 20 geometry in the range of 30-80°. Data were col-
lected with a step size of 0.01° and a counting time of 1 s
per step. The size of crystallites (Dygrp) of all the samples
was calculated using the Scherrer formula:®?

Dxrp = 0.94)\/Bcos 6. 2)

B is the full width at half maximum (FWHM) estimated
after fitting the XRD peaks with the pseudo-Voigt function,
and 0 is the Bragg angle corresponding to the peak position.
The lattice parameter a for the cubic spinel structure was
calculated using the following equation:

a=d 2+ k2 + 12, 3)

where d; is the interplanar spacing, and 4, k, and [ are the
corresponding Miller indices. The interplanar spacing, d,;,
was obtained using Bragg’s Law.
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Transmission electron microscopy (TEM) observations
were performed using a Philips CM200 microscope operating
at 200 kV and equipped with a LaB, electron source.

Field-dependent magnetization loops were measured
at 300 K by using a vibrating sample magnetometer (VSM
Model 10-Microsense) equipped with an electromagnet pro-
ducing magnetic fields in the range from—2 T to+2 T. The
saturation magnetization, Mg, was calculated using the law of
approach to saturation (LAS):%+6°

a b
ﬁ‘ﬁ} @

where the term a/H is connected to structural defects while the
term b/H? to the magnetocrystalline anisotropy.

Zero-field-cooled—field-cooled (ZFC—FC) magnetizations
were recorded within the 5-300 K temperature range under
an applied magnetic field (uof,,,) of 2.5 mT using a Quantum
Design PPMS magnetometer, equipped with a VSM head. The
ZFC curve was recorded while heating the sample from 5 to
300 K in a magnetic field, after a preliminary cooling process
under a zero magnetic field. The FC curve was obtained
similarly but after cooling the sample in a 2.5-mT magnetic
field. For magnetic measurements, the powder nanoparticles
were immobilized using epoxy resin (sample-to-epoxy ratio
was approximately 1:10) in gelatin capsules, to prevent
any movement of the sample during the measurement. All
the magnetic data were normalized by the total mass of the
powder.

M = Mg [l—

Results and discussion

To get insight into the sol—gel process, thermogravimetric
analysis of the iron(III)-citrate xerogel (ICX) and citric acid
(CA) for comparison, has been carried out in air and argon
(Figure 2). The DT curve of CA exhibits a broad endothermic
process with two steps near ~160°C and ~225°C, which could
be attributed to the conversion of CA to aconitic acid (C4H(Og,
~H,0) and itaconic acid (CsH40,, —CO,) respectively.®>66:67
At temperatures >400°C occurs the complete decomposition
of the polymerized itaconic acid. However, the DT curves
of the ICX, performed in oxygen and argon atmospheres for
comparison, show a sharp exothermic peak centered in the
same range (at ~192°C in oxygen and ~197°C in argon). The
different decomposition temperatures between CA and ICX,
as well as the different exo- and endothermic nature of the
mass loss process, suggest a different thermal behavior due
to the cross-linking process of the metal carboxylate com-
plexes, bridged by ammonium ions.*> A small difference in the
residual mass between argon and air was observed; however,
we refrain from further speculation, as variations in residual
carbonaceous matter could lead to significant errors in estima-
tion. Nonetheless, the overall thermal decomposition process
appeared very similar under both atmospheres. This suggests
that the auto-combustion process is driven by the decomposi-
tion of citrate and not by the atmospheric oxygen.*> These
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Figure 2. Differential thermal (DT) (upper panel) and thermogravi-

metric (TG) (bottom panel) curves of citric acid (CA) and iron(lll)-
citrate xerogel (ICX) in argon and oxygen atmospheres.

results underscore the importance of investigating potential
structural differences in the products synthesized under vary-
ing atmospheric conditions.

Combustion synthesis under different atmospheric
conditions

Combustion in air (ambient conditions)

The combustion of gel performed in air, in an open beaker
on a hot plate (ambient conditions), produces powders with
large inhomogeneities and different colors, immediately
noticeable to the naked eye, which belong to different phases
of iron oxides (Supplementary information Figure Sla). The
three-dimensional branched powders, achieved after the
auto-combustion at 350°C (temperature of the surface of the
hot plate, while local temperature of gel can differ), show a
mixture of dark gray (associated with a high content of spinel
phase) and orange/reddish areas (associated with the domi-
nance of hematite).>>® The coexistence of Fe;0,/y-Fe,0;
and a-Fe,0; phases during combustion in air can be attrib-
uted to nonuniform temperature and oxygen distributions
within the reactor.

75 | |—— FO-ambient
—— FO-argon

50 | |—— FO-air
—— FO-oven

M (A-m?kg™")
o

_25 L
_50 L % /
-20 %
751 —0'.03| 0.00 o.l'o3
-2 -1 0 1 2

oH (T)

Figure 3. Field dependence of magnetization at 300 K of iron
oxide nanoparticles prepared by sol-gel auto-combustion under
different atmospheric conditions: ambient (air) atmosphere (red),
argon flow (black), airflow (green), and tubular oven (air) (blue). The
inset shows the low-field region of the magnetization curves.

The powders with different colors were qualitatively sepa-
rated to conduct a preliminary investigation. The correspond-
ing XRD patterns shown in Figure S1b, confirm that hema-
tite, a-Fe, 05, with corundum structure, is the main crystalline
phase in the orangish part (FO-orange), mostly located at the
upper branches of the self-combusted tree. On the other hand,
the gray powder (FO-dark) is mostly located at the bottom of
the beaker and contains a significant amount of spinel phase,
presumably mostly y-Fe,O;. After grinding the whole product
to reach a uniform system (FO-ambient), a mixture of a-Fe,0;
and y-Fe,O; was obtained as expected (Figure S1b).

The Mg values of these powders, estimated from the field-
dependent magnetization loops at 300 K (Figure S2), show val-
ues corresponding to ~41 Am*kg ™! for FO-dark, ~18 Am’kg™'
for FO-ambient (see also Figure 3), and ~11 Am?kg™! for FO-
orange. All of these values are lower than the bulk saturation
magnetization of maghemite (~73 Am?kg™"),” but significantly
higher than expected hematite (~0.5 Am’kg ™), confirming the
coexistence of the a-Fe,O5 and y-Fe, 05 phases, as observed
by XRD.

This experiment highlights that the SGAC process occur-
ring in the uncontrolled air atmosphere is difficult to regulate
due to the presence of several factors affecting the phase com-
position of the final product. The inhomogeneous temperature
of the reaction (whose heating source is the hot plate) and the
surrounding availability of environmental oxygen are param-
eters difficult to control in these experimental conditions. The
combustion temperature of the ICX is near 200°C, as con-
firmed by TG/DT studies, but the applied temperature of the
combustion (300-350°C) exceeds it. Moreover, the SGAC
reaction is exothermic; thus, the local temperature of the as-
burn powder can be significantly higher. In the presence of
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Figure 4. Rietveld refinement fits of the x-ray diffraction (XRD) patterns for (a) the sample prepared under a controlled argon atmosphere (FO-
argon), composed mostly of magnetite, and (b) the sample prepared under airflow (FO-air), predominantly composed of hematite.

oxygen, it could induce the phase transformation from mag-
netite to maghemite, and then to hematite, following the route
shown in Equation 1.

Combustion in controlled flow (Ar and air)

Performing the same reaction in a controlled inert atmosphere,
we obtained single-phase iron oxide with a spinel structure and
an average crystallite size of ~30 nm (Figure 4a). The XRD
pattern matches the reference pattern for Fe;O, (JCPDS No.
75-0033) with a measured lattice constant of 8.41(1) A, which
is very close to the bulk magnetite value of 8.40 A.” This
aligns with the results obtained earlier when performing com-
bustion in an inert,** vacuum,?® or oxygen-free atmosphere
during synthesis.”” The Mg value of the FO-argon sample,
estimated by the hysteresis loop at 300 K (Figure 3), is ~74
Am?kg !, which is lower than the bulk saturation magnetiza-
tion of magnetite (91 Am’kg").” For Fe;O, nanoparticles in
the 20-30-nm range, M~ 60 Am*kg ',% indicating that the
value obtained in this work is consistent with those reported
for particles of comparable crystallite size. This reduction is
expected for nanoparticles and can be explained in terms of
defects, symmetry breaking at the particle surface, and resid-
ual carbon impurities in the sample.*3%3!°7-60 We note that this
value is still significantly high and slightly higher than those
values reported for Fe;0, nanoparticles produced by a similar
method in an oxygen-free environment.’’

For comparison, the combustion of the ICX was performed in
the same controlled way under airflow (FO-air). Figure 4b shows
the corresponding XRD pattern: the dominant phase sample is
a-Fe,0; with an average Dygpp = 41(4) nm, confirmed by XRD
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reflexes at 26 = 24.1°, 33.1°, 35.7°, 40.9°, 49.4°, 54.1°, 57.7°,
62.5°, and 64.0°, related to (012), (104), (110), (113), (024),
(116), (018), (214), and (300) planes (JCPDS No. 33-0664).
However, at the nanoscale, the broadening of diffraction peaks
makes the analysis even more complicated; thus, one cannot
exclude that the possible content of the spinel phase is below the
detection limit of the laboratory XRD setup (<3 wt%). While the
presence of the spinel phase was not detected even after perform-
ing Rietveld analysis, we note that the most intense reflection
signal (311) of maghemite has a scattering angle almost identical
to the reflection (110) of hematite, and most of the other reflec-
tions are in superposition.'> The formation of hematite can be
promoted by increasing the reaction temperature, tuning the par-
tial pressure of inert gases, or modifying other synthesis param-
eters such as the fuel-to-oxidizer ratio and heating rate.***>7°
These factors influence both the local oxygen availability and the
duration of the high-temperature stage, which together govern
the extent of the Fe;0, — y-Fe,0; — a-Fe,0; transformation.

Interestingly, the magnetization loop at 300 K of the FO-air
sample (Figure 3) shows significantly high an Mg~ 7 Am’kg "'
and pof- =22 mT, even though the XRD pattern corresponds
to the hematite phase. Cannas et al.*’ suggested that the pres-
ence of some residual y-Fe,O; can be responsible for the
high magnetization of some hematite samples, in opposite to
observed in smaller hematite crystals caused by the surface’s
uncompensated spins.”' As a matter of fact, the coercivity of
the FO-air sample matches very well with the FO-ambient
sample, despite significantly different values of M. This sup-
ports the hypothesis of having a residual spinel phase as the
main contribution to magnetization.
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Combustion in tubular oven (air)

Although TG analysis of ICX in argon and air showed no
significant differences in the auto-combustion process, the
structure and magnetic properties of the resulting powders
are drastically different. This suggests that the post-synthesis
exposure to the atmosphere plays a key role in modifying the
as-burnt powders. To investigate this effect further, an addi-
tional sample was synthesized using a tubular oven without
active atmosphere control, but in a configuration where the
likelihood of atmospheric oxygen interacting with the as-
burned material was reduced due to the sample remaining in
the gaseous products of the SGAC reaction during cooling.

The combustion of ICX inside the tubular allows for
obtaining powders composed mainly of the spinel fer-
rite phase (Figure S3). The observed XRD reflections at
20=30.3°, 35.6°, 43.5°, 54.1°, 57.6°, and 62.5° are related
to (220), (311), (400), (422), (511), and (440) planes, respec-
tively, corresponding to y-Fe,O; (JCPDS No. 39-1346).
However, the XRD pattern of the FO-oven sample exhibits
two notable differences compared to that of FO-argon: (1)
the presence of additional reflections with a low intensity
attributed to lower symmetry of the superstructure owing to
the ordering of oxygen vacancies, typical of maghemite;??
(2) a slight shift in the positions of the main reflections, sug-
gesting a different lattice parameter. The calculated lattice
parameter for FO-oven is 8.32(2) A, closely matching the
value reported for bulk maghemite (8.34 A).” Correspond-
ingly, the saturation magnetization (M) of FO-oven (~63
Am?kg™!, Figure 3) is slightly lower than that observed for
the Fe;0,4-rich FO-argon sample.

Additionally, we performed TG analysis of FO-argon and
FO-oven samples (Figure S4). As expected, the heating of the
FO-oven sample leads to the burning of some residual organ-
ics (~18 wt%) and, thus, corresponding mass loss. The mass
loss process of the FO-argon sample overlaps with a mass gain
due to the oxidation of Fe;0, to Fe,0;.”* Theoretically, the
full oxidation of magnetite to maghemite adds about a 3.45
wt% in the solid due to the extra oxygen (Equation 1).”* We
performed the semi-qualitative deconvolution of TG curve into
two processes: (1) burning of residual organic matter and (2)
oxidation of Fe;O, to Fe,O5 (Figure S4). The second process
saturates at 350(20)°C, which aligns well with expectations.??
As well, the obtained mass gain estimated with consideration
of organic content of 10 wt% was 3.4(5) wt%, again close to
theoretical, considering full oxidation of Fe;0, to Fe,O5.

According to previous studies,***” the combustion of iron-
citrate gels in an oxygen-free atmosphere proceeds through the
initial formation of Fe;O,4, which can be subsequently oxidized
to y-Fe,O; or a-Fe,0; depending on oxygen availability and
temperature. Consistent with this mechanism, our results indi-
cate that synthesis under argon resulted in the formation of
the Fe;0, phase, while the same reaction an oven in air favors
the formation of y-Fe,05. Presumably, the oxygen content in
oven is sufficient to oxidize Fe;O,4 to y-Fe,05, but not high
enough to accelerate combustion and drive the transformation

to a-Fe,05. The less controlled heating on a hot plate results
in partial conversion to a-Fe,O; due to local overheating.
The subproducts of the reaction (carbonaceous residues and
released gases) could also play an important role in stabilizing
the final product of the reaction.*’

Maghemite and magnetite: Magnetic structure

and magnetic properties

To gain deeper insight into the impact of phase composition
on magnetic properties, this section presents a comparative
analysis of two representative samples: (1) FO-argon, predom-
inantly composed of magnetite, and (2) FO-oven, enriched
in maghemite. These serve as model systems for evaluating
the characteristic magnetic responses of Fe;O, and y-Fe,04
phases, respectively. As expected for combustion-based syn-
thesis routes, the obtained iron oxide powders consist of
dense aggregates of irregularly shaped particles, typical of
materials produced through rapid self-propagating combus-
tion reactions.*>’* The TEM images (Figure S5) reveal that
these aggregates are composed of nanocrystalline domains
with sizes of few tens of nanometers, consistent with the spi-
nel structure identified by XRD. The individual crystallites
are clearly distinguishable, confirming the nanocrystalline
nature of both the magnetite-rich FO-argon and maghemite-
rich FO-oven samples. Despite the overall dense and agglom-
erated morphology, the particle sizes observed by TEM are
comparable to those estimated from XRD analysis (Dxrp =
20 nm and Dygp = 30 nm for FO-oven and FO-argon samples,
respectively). Notably, these crystallite sizes lie well below the
single-domain critical size for magnetite (~80 nm”%%), suggest-
ing that their magnetic behavior is predominantly governed by
single-domain characteristics.

Field-dependent magnetization loops at 300 K reveal mini-
mal differences between the FO-argon and FO-oven samples
(Figure 3). The Mg of Fe;O, is known to be slightly higher
than that of y-Fe,05"%?¢ accordingly, the FO-argon sample
exhibits an ~15% higher Mg compared to the FO-oven sample.
However, this difference could also arise from surface effects
and structural defects in the nanoparticles, which make direct
comparison with bulk analogs less straightforward. The FO-
argon sample also shows slightly lower coercivity and rema-
nence ratio (FO-argon: pyH- = 24 mT, Mp/Mg = 0.31; FO-
oven: noHc = 26 mT, Mp/Mg = 0.35).

The high content of stoichiometric magnetite in the
FO-argon sample is further supported by the temperature
dependence of magnetization (Figure 5a). Both M,-(7)
and Mp(T) curves exhibit a pronounced kink, correspond-
ing to the well-known Verwey transition, associated with
charge ordering of Fe** and Fe®" ions at octahedral sites,
which is characteristic of magnetite.’®’> The position of the
peak of the first derivative of the difference between these
two branches, Ty, = 117 K, matches the temperature of the
Verwey transition for bulk magnetite.®! The second peak that
appears at higher temperatures (7p=230-240 K) is likely due
to the approach to the superparamagnetic state. It is evident
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Figure 5. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of (a) the magnetite-rich FO-argon sample and (b) the
maghemite-rich FO-oven sample, measured as a function of temperature. The insets show the first derivative with respect to temperature
of the difference between the FC and ZFC magnetizations, dMgc_zrc(T)/dT.
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Figure 6. Mdssbauer spectra of FO-argon (a) and FO-oven (b) at 300 K.
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from the smooth shape of the ZFC—FC curve of the FO-oven
sample (Figure 5b) that, although a peak near 7y, appeared in
the dMyc_zpc(T)/dT, its intensity is much lower compared to
that appearing in the FO-argon sample, indicating the lower
content of magnetite.

To probe the local cationic structure, >’Fe Mdssbauer spec-
tra were recorded for the FO-argon and FO-oven samples at
300 K (Figure 6). For the FO-argon sample (Figure 6a), the
spectrum shows a pronounced magnetic hyperfine splitting
with minor superparamagnetic contributions (8%). The spec-
trum was fitted using two magnetic sextets, attributed to Fe**
ions in tetrahedral A-sites and Fe?"/Fe>" ions in octahedral
B-sites of Fe;0, (Table 1), suggesting no secondary phases.
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Typically for stoichiometric magnetite, the area ratio S,/Sy of
0.5 corresponds to full electron exchange between Fe?" and
Fe’" in B-sites 7y.® However, the observed ratio S,/Sp=1.14
suggests deviations from stoichiometry, likely arising from
the presence of maghemite phase, as suggested by the mean
value of isomer shift (§) =0.49 (24% maghemite/76% mag-
netite). In contrast, the FO-oven sample at 300 K (Figure 6b)
shows a single broad and asymmetric sextet, typical of magh-
emite, where Fe*" ions occupy both A and B sites with similar
hyperfine fields.>? The absence of distinguishable features for
Fe?" and the overlapping site contributions reflect the more
disordered nature of y-Fe,05, as expected from the synthesis
route in an oxidizing atmosphere. The mean value of isomer
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Table I. Hyperfine parameters estimated from the 5’Fe Massbauer
spectra at 7= 300 K: isomer shift/quadrupolar separation (5/AE,),
quadrupole shift (), magnetic hyperfine field (B,,,), and area of
the spectrum component (S).

Sample Component S/AE, 2¢ By S
(mm/s) (mm/s) ( (%)
FO-argon  Fit1 (Fe®*_A) 0.32 -0.02 51.3 49
Fit2 (Fe®*/2*_A) 0.66 0.03 45.7 43

Fit3 (doublet) 0.61 0.35 0 4

Fit4 (doublet) 0.66 2.11 0 4
FO-oven  Fit1 (sextets) 0.33 -0.04 50.0 69
Fit2 (sextets) 0.62 0.0 45.0 10

Fit3 (doublet) 0.35 0.92 0 21

shift(§) =0.36 corresponds to maghemite with only a very
small percentage of partial electronic charge transfer from
Fe" to Fe?" .0

Oxidation process and evolution of magnetic
properties

Experimental evidence discussed in the previous paragraphs
indicates that the combustion environment plays a crucial role
in determining the phase composition and magnetic proper-
ties of the synthesized iron oxide nanoparticles. Performing
combustion in an inert argon atmosphere favors the formation
of almost stoichiometric Fe;O, with higher Mg and a clear Ver-
wey transition, while combustion in air, either in a controlled
way or in the tubular oven, leads to predominant oxidation and
the formation of y-Fe,0;.

To better investigate the processes causing the transforma-
tion of iron oxide phases, postannealing of FO-ambient sam-
ples was performed in an air atmosphere. Figure 7 shows the
variations of XRD patterns of powder subjected to treatment
at different temperatures. The FO-ambient sample was mostly
composed of a-Fe,0; with a small trace of y-Fe,O; (minor
Fe;0, content cannot be excluded). The fingerprint (220) and
(440) reflections of the spinel phase are weak and almost dis-
appear when the temperature exceeds 500°C.2 This observa-
tion is consistent with previous studies on annealed y-Fe, O,
particles of comparable crystallite sizes, which demonstrated
that in samples with both a- and y-Fe,0;, the transition to a
single-phase a-Fe,0; occurs upon annealing at temperatures
above 500°C.”

To gain deeper insight into the transformation process
from the spinel phase, an in situ XRD analysis was per-
formed during the thermal treatment of magnetite-rich FO-
argon samples in air (Figure S6). The results confirm that the
transformation of Fe;O, to a-Fe,0; occurs via an intermedi-
ate y-Fe,0; phase.”>?’ Maghemite starts to form already at
200°C, as shown by the weak reflections at low angles, while
hematite appears at 400°C, and becomes the dominant phase
above 500°C. At this point, we should note that the pattern of
the as-burnt FO-ambient sample is almost identical to that of
the FO-air sample when annealed at 400°C, both composed
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Figure 7. X-ray diffraction patterns of the as-burnt FO-ambient
sample and the same powder after thermal treatment in air for
1 h at temperatures ranging from 500°C to 800°C. The diffraction
peaks corresponding to the spinel phase are labeled with “S”
and those corresponding to the hematite phase are labeled with
“H.” The yellow areas highlight the positions of the characteristic
peaks for the spinel phase.

of a mixture of a-Fe,0; and y-Fe,0; phases. This suggests
that the starting Fe;O, could transform into this mixture if
the as-burnt powder is exposed to air at a temperature near
400°C.

Consistently, the magnetic properties also change upon
changing the temperature of annealing; specifically, the Mg
is reduced from ~17 to ~0.5 Am’kg™' when comparing the
as-burnt FO-ambient sample to samples annealed for 1 h
in an ambient atmosphere (Figure 8a). While the presence
of spinel ferrite is almost undetectable by XRD in samples
annealed at temperatures above 500°C, the Mg remains
much higher than expected for pure hematite. For example,
the Mg value for the FO-500 sample is ~14 Am’kg !, and
for the FO-600 sample, it is ~2 Am’kg™'. A closer view of
the hysteresis loops of the sample treated at 700°C is shown
in Figure 8b, revealing the presence of two magnetic phases
by characteristic kinks in hysteresis loops and two peaks in
their derivatives (inset of Figure 8b).”®”” However, the sam-
ple treated at 800°C is a single-phase a-Fe,O; characterized
by a smooth hysteresis with the Mg value similar to the
bulk analogue and coercivity field (~0.35 T) exceeding
those of spinel oxide nanoparticles more than an order of
magnitude.

Assuming that the magnetic hysteresis of a bi-magnetic sys-
tem can be represented as a superposition of the magnetizations
of the individual phases and considering negligible magnetic
interactions between them, we determined the mass fractions of
the two phases, denoted as ¢y for a-Fe,O5 and ¢y for y-Fe,O;,
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Figure 8. (a) Field dependence of magnetization of the FO-ambient sample in the as-
burnt state and after thermal treatment in air for 1 h at temperatures from 500°C to 800°C.
(b) Enlarged view of the hysteresis loops for the samples treated at 700°C and 800°C; the
inset shows the derivative dM/dH versus H. All measurements were performed at 300 K.

obtained by following the superpo-
sition rule and the preservation of
switching fields (inset of Figure 8b)
suggest that the magnetic coupling
between the two phases is rather
weak.”

This approach allowed estimating
the magnetic iron oxide content in sam-
ples where it coexists with hematite.
For example, in the FO-ambient sam-
ple, the estimated ¢, is approximately
30 wt% and is reduced to 20 wt%
when annealed at 500°C. This content
is slightly higher than the spinel phase
content estimated from XRD—19 wt%

and 13 wt%, respectively. However,
interestingly, with such an analysis of

2
- FO-600
—— = 1.8 Wt%
14| « Fo-700
—— ¢y = 0.1 W%

HoH (T)

Figure 9. Measured hysteresis loops at 300 K for the FO-600
and FO-700 samples (symbols) and simulated hysteresis loops
obtained by the superposition of the maghemite and hematite
hysteresis loops (lines). The mass fraction of maghemite (¢,,) used
in the simulations is indicated.

where ¢+ ¢y =1. The total magnetization, M,,, was com-

puted as:

otal>

Miotal = M (1 — dp) + Myrdar, )
where M}, and M, represent the magnetization of the hematite
and maghemite phases, respectively. The loops of FO-800 and
FO-oven samples were used as references for the M(H) func-
tions of a-Fe,0; and y-Fe,03, respectively. The superposition
results were then used to simulate the magnetic behavior of
samples containing both iron oxide phases, keeping the low
content of y-Fe,O; (Figure 9). Considering that the magnet-
ization of y-Fe,0; is two orders of magnitude higher than
that of a-Fe,O5 when the relative mass fraction of y-Fe, O,
to a-Fe, 05 is around 1 wt%, the magnetic moments of both
phases become comparable. This results in a characteristic
bimodal hysteresis loop (Figure 9).%° The good agreement

360 M MRS BULLETIN - VOLUME 51 « APRIL 2026 « mrs.org/bulletin

magnetic hysteresis loops, we can gain
insight into systems with small amounts of spinel phases that
are below the detection limit of XRD. In this way, we deter-
mined ¢y, to be~1.8 wt% and 0.1 wt% in samples FO-600 and
FO-700, respectively.

Scale-up and reproducibility of the synthesis in Ar
The scale-up and reproducibility of the combustion in Ar
were evaluated with the aim of demonstrating that it can
produce uniform iron oxide nanoparticles with consistent
structural and magnetic properties across multiple batches.
For that purpose, 19 additional batches of iron oxide nano-
particles were synthesized under the same conditions (i.e.,
controlled argon atmosphere), and structural and magnetic
characterization were performed for each sample in order
to evaluate the reproducibility of the synthesis. Based on
the XRD patterns (Figure 10a), all samples exhibited a
cubic spinel structure with no detectable impurities (e.g.,
hematite). As shown in Figure 10b, the Dy Was calcu-
lated for each sample, comparing the average over the six
most intense reflections with that from the (440) reflection
only, which is less affected by instrumental broadening. The
average Dypp across all samples was 29(2) nm when aver-
aged over multiple reflections, while that determined from
the (440) reflection was 25(1) nm. The variations in Dyyy,
between samples detected by both approaches were 7% and
5% for the averaged value and that calculated for (440)
reflection, respectively. The apparent error indicated for
each sample calculated from averaging of all intense reflec-
tions primarily reflects differences in peak fitting precision
at low 20 angles and possible preferred orientation effects
during crystal growth. When the crystallite size is estimated
using the high-angle (440) reflection, the results are more
consistent (standard deviation =1 nm), confirming that the
crystalline sizes are uniform across the studied series.

The lattice parameter a was calculated for each sample
using the Equation 3 and is shown in Figure 10c. The values
range between 8.394 A and 8.423 A, with an overall average of
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Figure 10. (a) X-ray diffraction (XRD) patterns of 19 iron oxide nanoparticle samples shows that, for each sample, the mag-
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Figure 11. (a) M-H hysteresis loops of 19 iron oxide nanoparticle samples prepared by sol-gel auto-combustion in atmosphere, with
the inset showing the low-field region; (b) saturation magnetization Mg calculated at 2 T (empty symbols) and from the law of approach
to saturation (LAS) fit (solid symbols); (c) remanence-to-saturation magnetization ratio Mg/Mg (solid symbols) and coercivity ygHc (empty
symbols) for each sample. Averaged values over 19 samples and standard deviation are shown by a solid horizontal line and gray area,
respectively. All measurements were performed at 300 K.
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other hand, the My/Mg and pyH- for each sample (Figure 11b)
are consistent across all batches, confirming that the reported
procedure under the argon flow can be used to synthesize nano-
particles with reproducible structural and magnetic properties.

Conclusion
Controlling the combustion atmosphere is crucial for the phase-
selective synthesis of iron oxide nanoparticles. Performing
sol-gel combustion under an argon atmosphere enables the
production of nanoparticles with a dominant Fe;O, phase,
exhibiting the highest saturation magnetization (~74 Am?/kg '
at 300 K), compared to samples synthesized under other condi-
tions, and a distinct Verwey transition. Mossbauer spectroscopy
confirmed that synthesis under an argon atmosphere yields nan-
oparticles with a dominant Fe;O, phase, evidenced by distinct
Fe?"/Fe*" site contributions and an average isomer shift con-
sistent with a magnetite content of ~76 wt.%. The scalability
and reproducibility of the synthesis in argon were validated by
successfully synthesizing 20 consistent batches under argon
flow, producing samples with reproducible magnetic properties.
When synthesis was performed in a tubular oven, where
the access of oxygen is limited by the lack of recirculation of
air, the product was mostly y-Fe,O, with moderate magnetic
properties. In contrast, synthesis in an ambient air environment
led to mixed a-/y-Fe,O5 phase products with inferior mag-
netic characteristics. Additionally, thermal treatment studies
elucidated the phase transformation pathway from Fe;O, to
a-Fe,0; via a y-Fe,0; intermediate in the temperature range of
200-500°C, with single-phase a-Fe,0; forming only at 800°C.
This work provides a clear strategy for producing phase-con-
trolled iron oxide nanoparticles and underscores the critical
impact of atmospheric conditions on nanoparticle synthesis.
These results highlight the sensitive balance between
oxygen availability and local temperature during gel com-
bustion. Even minor variations in the atmospheric com-
position or heating conditions lead to significant changes
in phase composition and magnetic response. Although
the present work has focused on synthesis in argon, future
studies will systematically investigate other inert or con-
trolled-oxidation atmospheres (e.g., nitrogen, mixed Ar/O,)
and reaction regimes, including self-propagating combus-
tion, to further clarify the mechanism of phase formation
and improve control over nanoparticle microstructure and
magnetic properties. A detailed investigation of the indi-
vidual steps involved in the combustion process is crucial
for achieving precise control over the phase composition of
the resulting products and therefore warrants further study.
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