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ABSTRACT

The thermal and hydrothermal stability of oleate-capped nanosized spinel iron oxides is of primary
importance for the plethora of applications and environments for which they are employed. An in-
situ XRD and ex-situ autoclave treatments have been set up for monitoring the thermal and
hydrothermal stability in different samples. In detail, spinel iron oxide nanoparticles (NPs) were
studied as (i) single-phase alone at three different sizes (about 6, 10, and 15 nm); (ii) as core in a core-
shell architecture having cobalt ferrite as shell, at different core sizes (about 6 and 10 nm); (iii) as
shell in a core-shell architecture with cobalt ferrite as core, at different shell thicknesses (about 3 and
4 nm). The Rietveld refinement of the diffraction patterns and >’Fe Mossbauer spectroscopy have
been exploited to monitor the evolution of the structural parameters and the hematite fraction.
Moreover, transmission electron microscopy has permitted to deepen the morphological details on
the phases. The spinel iron oxide-hematite transition has been found size- and time-dependent for the
single-phase iron oxide NPs (360-455°C). The transition temperature has increased significantly
when iron oxide is incorporated in a core-shell architecture, both as core (630 °C) and shell (520 °C),
suggesting a stabilizing effect of cobalt ferrite. The hydrothermal stability of iron oxide and core-
shell NPs has been found dependent on water content, time, and temperature, with a reducing effect
of pentanol toward the formation of magnetite from maghemite, highlighted by >’Fe Mdssbauer
spectroscopy. The synergic effects of cobalt ferrite and pentanol have limited the formation of
hematite, leading to the obtainment of magnetite-covered cobalt ferrite NPs upon the hydrothermal

treatment.
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INTRODUCTION



Iron oxide nanoparticles (NPs) are some of the most studied and employed systems due to their non-
toxicity, low cost, ease of manipulation, and unique chemical and physical (especially magnetic)
properties.[1-3] Among the several applications of iron oxides, it is essential to cite catalysis,[4,5]
biomedicine,[2,6,7] and environmental applications.[8-11] The most common and
thermodynamically stable iron oxide phase is hematite (a-Fe20Os3), featuring a hexagonal crystal
structure (space group R3c) and antiferromagnetic properties. Besides hematite, two other well-
known metastable phases are magnetite (Fe3O4) and maghemite (y-Fe203), having a spinel structure
and ferrimagnetic properties. Spinels have a face-centred cubic (fcc) structure in which the oxygen
atoms are cubic close-packed, generating tetrahedral (A)-sites and octahedral [B]-sites, occupied by
trivalent and divalent cations. Magnetite contains both Fe'' and Fe'"" in a 1:2 ratio, and its formula can
be written as (Fe''")[Fe''Fe'"|O4. Maghemite comprises, as in magnetite, Fe'' in the tetrahedral and
octahedral positions, but there are vacancies to compensate for the increased positive charge due to
the oxidation of Fe''. The cations are distributed randomly over the tetrahedral and octahedral sites,
whereas the vacancies (which are also randomly distributed) are confined in the octahedral sites. The
formula can also be written as (Fe'")[Fe'"'s;d_11/3]04, where [ represents vacancies. There can also
be an intermediate compound where Fe' persists: in this case, the formula would be (Fe")[Fe':.

«Fe'"'1oxdl 13]O4, where x is 0 for pure magnetite and 1 for pure maghemite.[12]

For many applications that require magnetic features, magnetite or maghemite are desirable but, being
metastable with respect to hematite, they are not always the primary component. In particular, it has
been observed that spinel iron oxide can evolve to hematite due to high temperature (up to 500°C)
and humidity (e.g., aqueous colloidal dispersion), conditions that very often are present for some
specific application.[13-17] Moreover, the transition in nanosized systems is size-dependent.[3,18—
26] In the literature, there are several ways to stabilize the spinel iron oxides from phase transition.
For instance, the organic coating can prevent contact among the NPs, avoiding sintering phenomena

below the decomposition temperature.[27—-29] Hydrophobic coatings can, moreover, distance water



molecules from the NPs surface, preventing oxidation.[27-30] The iron oxide phases can also be
dispersed into an inorganic matrix, generating composites that separate the particles and block their
growth.[25] Silica is, for example, a typical phase employed for stabilizing NPs from their phase
transition, thanks to its high thermal stability and chemical inertia, in the form of porous or non-
porous matrixes.[15,17,31-34] Indeed, it has been demonstrated that ultra-small spinel iron oxide
NPs were formed inside the 2-3 nm pores of mesostructured silica (MCM-41) after calcination at 500
°C, then a phase transition into hematite has been observed after repeated cycles of sulfidation-
regeneration at temperatures in the range 300-550 °C.[32] Besides the formation of composites, iron
oxide can also generate a more intimate contact with specific inorganic phases that are able to grow
epitaxially, forming heterostructures.[16,35-43] In principle, the formation of heterostructures with
thermally stable phases should guarantee higher protection from the maghemite-hematite phase
transition since the crystallographic planes are linked and locked with the other component.[44]
Moreover, spinel ferrite-based heterostructures represent an exciting class of widely employed
material thanks to the hard-soft magnetic coupling, for instance in the fields of magnetic heat
induction and rare element-free permanent magnets.[38,43,45,46] Also, the morphology of the
heterostructure certainly plays a crucial role in the stability of spinel iron oxide: dimers or multimers
are expected to behave differently from, for example, core-shell NPs, where the iron oxide could also

be the core or the shell.

In this context, an oleate-based solvothermal method has been set up to produce single-phase,[13,47—
49] chemically mixed,[50,51] or heterostructured[16,42,43,52] spinel ferrite-based NPs with high
crystallinity and low size dispersity. Moreover, iron oxide, in the form of magnetite/maghemite, has
been engineered in a core-shell architecture as the shell with tunable thickness, coupled with
manganese ferrite or cobalt ferrite. This latter phase is well-known to be chemically, mechanically,
and thermally stable at high temperatures and represents an ideal candidate for protecting iron oxide

toward phase transition.



For these reasons, this work focuses on the thermal and hydrothermal stability of the spinel iron oxide
phase as in (i) single-phase NPs having various sizes, (ii) as core in iron oxide-cobalt ferrite core-
shell heterostructures with different core diameter, and (iii) as shell in cobalt ferrite-iron oxide core-
shell NPs featuring two shell thicknesses. Besides the characterization of the as-prepared samples by
a multi-technique approach, the thermal stability was followed thanks to a powder X-ray
diffractometer (XRD) equipped with a high-temperature chamber (HTC) by in-situ measurements in
the temperature range 200-1300 °C and Rietveld refinement of the patterns. Instead, the hydrothermal
stability was approached through solvothermal treatments in an autoclave by varying water content,
solvent polarity, temperature, and time, and monitored through ex-situ XRD and °’Fe Mossbauer

spectroscopy.
1. EXPERIMENTAL
1.1 Chemicals

Oleic acid (>99.99%), 1-pentanol (99.89%), hexane (84.67%) and toluene (99.26%) were purchased
from Lach-Ner; 1-octanol (>99.99%) and Mn(NO3)2-4H20 (>97.0%) from Sigma-Aldrich; absolute
ethanol and Co(NOs3)2-6H20 (99.0%) from Penta; NaOH (>98.0%) from Fluka; Fe(NOs)s-9H20

(98.0%) from Lachema; FeCl2-4H20 (99%) from Merck.

1.2 Methods

Synthesis. Three different spinel iron oxide nanoparticles, labelled as FeA, FeB, and FeC, were
prepared as described in previous works by solvothermal hydrolysis of metal oleates.[16,43,47,48,50]
Two core-shell samples were prepared by covering FeA and FeB with cobalt ferrite (FeA@Co,
FeB@Co). Two samples of cobalt ferrite (CoA, CoB) were covered with spinel iron oxide, obtaining
CoA@Fe, CoB@Fel, and CoB@Fe2. All core-shell samples were prepared through seed-mediated
growth approach as described in previous work.[16,43] The synthesis conditions are summarized in

Table 1S.



Thermal treatment. The thermal treatments were performed by high-temperature HTK 16N

chamber (Anton Paar) at ambient condition through in-situ XRD experiments.

Hydrothermal treatment. The samples FeB, CoA@Fe, and CoB@Fel were subjected to further
solvothermal treatment, described as follows. About 25 mg of nanoparticles were dispersed in 10 mL
of toluene and put in a Teflon liner. Then, other organic solvents (pentanol, toluene) and, eventually,
distilled water were added to the liner, which was insufflated with nitrogen and put vertically in a
pre-heated oven (220 °C) for a certain time. After the treatment, the particles were separated by

centrifugation and stored with 5 mL of hexane in a glass vial.

1.3 Characterization

The samples were characterized by X-ray diffraction (XRD), using a PANalytical X’Pert PRO with
Cu K, radiation (1.5418 A), a secondary monochromator, Spinner sample chamber, and a PIXcel'P
position-sensitive detector. The samples were distributed on the glass sample holder and data were
collected in the 5 — 90° of 20 with the step size of 0.039°. For the in-situ high-temperature
experiments, the powder samples were put on the Pt foil and the data acquisition was done with a step
size 0of 0.039° from 22° to 38° of 26, to collect the most intense signals of spinel and hematite phases
and minimize the time at each temperature step, from 200 °C up to 1100 °C depending on the sample
under study.The peak position and instrumental width were calibrated using powder LaBes from NIST
for both sample chambers. Refinement of the structural parameters[53] was performed by the

Rietveld method using the MAUD software,[54] adopting the recommended fitting procedures.[55]

TEM images were obtained by using a JEOL 200CX operating at 160 kV. The particle size
distribution was obtained by measuring over 1000 particles for each sample with the aid of the
software Pebbles, setting a spherical shape for the elaboration.[56] The mean particle diameter was
calculated as the average value and the dispersity as the percentage ratio between the standard

deviation and the average value.
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HRTEM images were carried out using JEOL JEM 2010 UHR equipped with a 794 slow-scan CCD

camera.

Fourier Transform Infrared (FT-IR) spectra were recorded in the region from 400 to 4000 cm™ by
using a Bruker Equinox 55 spectrophotometer. Samples were measured in a KBr pellet. Spectra have

been processed using OPUS software.

Thermogravimetric analyses (TGA) curves were obtained by using a PerkinElmer STA 6000, in the

25-850 °C range, with a heating rate of 10 °C min*! under 40 mL min O flow.

Room temperature °’Fe Mdssbauer spectroscopy was performed on a Wissel spectrometer using
transmission arrangement and proportional detector LND-45431. An a-Fe foil was used as a standard,
and the fitting procedure was done by NORMOS program to determine the isomer shift (5),

quadrupole splitting (Qs), hyperfine field (Bn), and full width at half maximum of the signals.

2. RESULTS AND DISCUSSION
2.1 Thermal treatment of single-phase spinel iron oxide NPs.

Spinel iron oxide NPs with a narrow particle size distribution and having different sizes (FeA, FeB,
FeC) were prepared through solvothermal hydrolysis of metal oleates (Table 1S).[16,43,48] The
samples, characterized through XRD, TEM, HRTEM, and TGA (Figure 1, Figure 1S, 2S), show
spinel structure, spherical shape, high crystallinity, cell parameter between the ones of bulk magnetite
(8.396 A, PDF#019-0629) and maghemite (8.3515 A, PDF#039-1346), and mean particle size of

5.9(7) nm, 10.4(1.1) nm, and 14.8(1.5) nm for FeA, FeB, and FeC, respectively (Table 1).



Table 1. Lattice parameter (a), crystallite size (Dxrp), volumetric particle size (Drem_v), size distribution (), hematite
starting and final temperature, theoretical iron oxide content, and experimental iron oxide content estimated from Rietveld

refinement after the thermal treatment. Errors are reported in brackets.

Dxrp |DtEM_V| © Organic Starting Final Iron oxide | Iron oxide
Sample | a(A)
(nm) | (nm) |[(%) | Content (%) | temperature (°C) | temperature (°C) | th. (% w/w) | exp. (% w/w)
FeA 8.375(4) | 5.8(1) 5.9 13 31 355 390 n.a n.a
FeB [8.369(1)]11.8(1)| 104 | 11 12.4 455 460 n.a n.a
FeC |8.383(1)[17.5(1)| 148 | 10 8.5 455 490 n.a n.a
FeA@Co |8.400(1) | 12.5(1) | 145 | 14 11.2 n.a n.a. 6
FeB@Co | 8.409(3) | 17.1(1) | 165 | 13 10.0 630 n.a. 23 19(5)
Co 8.399(8)| 10.3(1) | 7.5 14 19.5 n.a n.a. n.a n.a
Co@Fel [8.380(1)| 14.3(1) [ 129 | 15 9.7 470 n.a. 79 84(9)
Co@Fe2 [8.381(1)] 17.01) | 154 | 14 6.6 520 n.a. 87 76(6)

The samples were analyzed through room temperature (RT) °’Fe Mossbauer spectroscopy (Figure 1)
to deepen the structural and magnetic properties (Table 2S). The samples FeA and FeB reveal the
presence of a singlet, indicating NPs in the superparamagnetic state, where the relaxation time of the
superspins (zn = 107 s) is faster than the time resolution of the technique (tm =~ 107 s). Moreover, the
singlet of FeB is wider than that of FeA, in accordance with the larger NP size and higher blocking
temperature.[48] In contrast, the sample FeC features two overlapped sextets, corresponding to iron
ions in octahedral (0.59(2) mm/s) and tetrahedral (0.45(1) mm/s) sites of magnetically blocked NPs.
The values of isomer shift are particularly high for FeC indicating the presence of Fe'!' and the

formation of magnetite, or not-fully oxidized maghemite.

By looking at the thermogravimetric analyses (Figure 1C, Figure 1S), it is possible to observe the
weight loss of oleate molecules in the range of 200-350 °C. Therefore, at temperatures below 350 °C,

the iron oxide NPs are separated by the organic coating, preventing aggregation and sintering.



Intensity (a.u.)

Intensity (a.u.)

10-8-6-420 2 4 6 8 10
b) Velocity (mm/s)

100

[{e)
(3]

FeC

Qe

FeB

~N @ 0 ©
o o

ol

Weight Loss %b)

~
e

FeA

[e2]
[&)]

200 400 600 800
Temperature (°C)

()
~

Figure 1. XRD patterns (a), >'Fe Mdsshauer spectra (b), TGA curves (c), TEM (right) and HRTEM (inset) micrographs

with particle size distributions (inset) of the samples FeA, FeB, and FeC.

The iron oxide samples were thermally treated in an in-situ XRD chamber under air, to verify the

spinel iron oxide-hematite transition temperature (Figure 2).
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Figure 2. XRD patterns of the samples FeA, FeB, and FeC measured at different temperatures by in-situ XRD-HTC.

The samples were heated from 200 °C with a step of 50 °C up to the complete disappearance of the
spinel phase. The hematite diffraction maxima (= 24° and 33°) appear for the first time at the
temperature of 400 °C for FeA and 500 °C for FeB and FeC. Therefore, for a deeper investigation on

the structural phase transition, a new portion of the samples were heated near the transition
11



temperature, with a step of 5 °C. The Rietveld refinements were done on the patterns before and after
the appearance of the hematite peaks. Four approaches were initially attempted, fixing or refining the
following parameters: overall isotropic displacement (B), microstrain (g), and 2-theta offset (QQ)
(Figure 35-15S). Among these approaches, the ones that provided clear trends of the parameters were
selected. For the evaluation of the lattice parameters (results labelled F), the best approach to refine
the data was obtained fixing all B, &, and Q. In case to access the coherent domain size and the relative
phase fraction, the only refined parameter was Q (results labelled Q). From the obtained results, it is
visible, for FeA, a rapid rise of hematite fraction in the range 355-380 °C (Table 3S, Figure 4S,
55).[28] The appearance of hematite is accompanied by an increase of the size of both the phases and
the cell parameters a in the same temperature range, while the cell parameter ¢ of hematite reduces.
The spinel phase was detected till 390°C, featuring a crystallite size of about 8(1) nm. The coherent
domain size of hematite instead stabilizes in the range 50-60 nm starting from 385 °C, as well as the
cell parameters (a = 5.079(2) A; ¢ = 13.897(3) A). The crystallite size agrees with the particle size

observed in the TEM micrograph of the sample treated at 450 °C (Figure 16S).

The same experiments and evaluation approaches were conducted for the larger samples FeB and
FeC, having NPs’ sizes of 10.4(1.1) nm and 14.8(1.5) nm, respectively (Tables 4S, 5S, and Figures
6S-9S). Both FeB and FeC reveal a sudden transition temperature between 455-465 °C, one hundred
degrees higher than FeA, caused by the larger particle size. For FeC, the hematite stops rising at about
490 °C, approximatively 30 °C higher than FeB. Observed higher transition temperature in FeC is
caused by the larger particle size and the more considerable Fe!' amount content compared with the
other samples leading first to the oxidation to maghemite followed by the conversion into hematite.
For all samples, the coherent domain size of the hematite structure slowly increases with the
temperature reaching the size of 60 nm at about 500 °C (400 °C for FeA). For FeC, above 500 °C up
to 550 °C the hematite crystallite size reaches instead about 100 nm. For all samples (FeA, FeB, and

FeC) the spinel crystallite size does not change much, except when its content is below 10 % w/w
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and therefore affected by large errors. The trend of hematite cell parameters observed in the FeA was
confirmed by the behaviour of FeC, showing the first increase of a or decrease of c, then a steady
behaviour. On the contrary, for FeB, only the plateau region was visible, justified by the small
maghemite-hematite transition range. The spinel cell parameter shows an increase due to thermal

expansion for all samples but FeB, where the transition is short and the cell parameter is steady.

It is important to note that at temperatures below 350 °C, the iron oxide NPs are separated by the
organic coating, preventing aggregation and sintering. As soon as the molecules decompose, the
particle can get in touch, sinter, and generate large hematite crystals. For the smaller particles (FeA),
this phenomenon is favoured at lower temperatures due to the closer packing and lower voids among
the particles if compared to FeB and FeC. This result agrees with the findings from other authors for
uncoated maghemite NPs, observing a transition temperature below 350 °C for 4 nm NPs,[24] and
between 300 and 400 °C for NPs in the size range 6-10 nm.[26] In the case of capped NPs, the
transition temperature depends also on the decomposition temperature of the coating molecules, as
observed in our work. Indeed, for 4 nm caprylate-coated maghemite NPs, the transition occurred
between 320 and 400°C, while in the case of poly(methyl methacrylate), higher temperatures were
needed (400-500°).[28] Regarding the larger particles, transition temperatures above 450°C were

observed also in the literature for uncoated maghemite NPs of about 12 nm.[57]

In the DTA curves (Figure 1S, bottom), a further endothermic peak is visible at 450 °C for FeA and
530 °C for FeB and FeC, corresponding to the hematite transition. The temperature is shifted about a
hundred degrees higher than those observed for the diffraction analysis, because of the different
heating steps of the two techniques. Indeed, a different temperature was also noted by changing the
heating step of the in-situ XRD, indicating that the phase transition is also time-dependent, with first-
order kinetics.[20,58] To support this observation, the FeB sample was treated to 455 °C, and XRD
patterns were acquired at different times, as depicted in Figure 3a. Even though no hematite peaks

are present at the beginning, they start rising after 10 minutes, confirming the time-dependence of the

13



phase transition. This is also encouraged by the morphology change observed from TEM
micrographs, where micrographs taken after 9 minutes display aggregates of 10 nm spherical
maghemite NPs (Figure 3b), while after the 10 min these aggregates generate sub-micrometric faceted

hematite crystals, as clearly visible in Figure 3c.
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Figure 3. XRD patterns of the sample FeB measured at 455 °C and at different times by in-situ XRD-HTC (left) and

corresponding TEM micrographs.

2.2 Thermal treatment of spinel ferrite-based core-shell NPs.

The thermal stability of iron oxide in NPs was also tested when iron oxide is in a core-shell
architecture, either as core or shell. In recent works, we showed, through nanoscale chemical mapping
(STEM-EELS and STEM-EDX), how it is possible to obtain spinel ferrite-based core-shell NPs with
different core sizes, shell thicknesses, and the chemical nature of the shell.[16,42,43] Herein, two
core-shell NPs were synthesized, starting from iron oxide having different sizes (FeA and FeB) and

covering them with a shell of cobalt ferrite because of the high thermal stability of this latter phase
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(FeA@Co, FeB@Co). Moreover, a sample of cobalt ferrite having a particle size of 7.5 nm was

covered with spinel iron oxide having different shell thicknesses (Co@Fel, Co@Fe2, Figure 4).
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Figure 4. XRD patterns, 5’Fe Mdossbauer spectra, TEM images, and particle size distribution of the core-shell samples

with respective cores

Table 1 reports the cell parameter, crystallite, and particle size of the samples. All core-shell samples
feature larger crystallite and particle size than the respective cores, indicating the effective growth of
the particles after the second solvothermal treatment. The cell parameters of FeA@Co and FeB@Co
are larger than those of the original cores, and in agreement with the presence of cobalt ferrite (a =
8.3919, PDF#022-1086), while Co@Fel and Co@Fe2 feature a smaller cell parameter, due to the
higher amount of spinel iron oxide (Table 1). The samples were analyzed through RT >'Fe Mdsshauer
spectroscopy (Figure 4 right, Table 2SErrore. L'origine riferimento non é stata trovata.). The iron
oxide NPs covered with cobalt ferrite (FeA@Co and FeB@Co) reveal the presence of two sextets in
place of the previous singlet present for the respective cores, indicating particles in the blocked state
due to the increased particle size and the high magnetocrystalline anisotropy of cobalt ions. The

values of the hyperfine fields are larger, as expected, for the larger sample (FeB@Co) if compared to
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the smaller one (FeA@Co). The relatively high isomer shift parameters, especially for the octahedral
sites (0.39(2) mm/s and 0.46(1) mm/s for FeA@Co and FeB@Co, respectively), indicate the presence
of Fe'' in the iron oxide cores. Regardless, the values are smaller compared to FeC, having a similar
size but entirely composed of iron oxide, therefore having more Fe'. Similar behaviour can be
observed for the core-shell samples made up of cobalt ferrite covered with spinel iron oxide (Co@Fel
and Co@Fe2). The hyperfine field values are lower for the core-shell samples compared with the
cobalt ferrite core (labelled Co) because of the presence of the magnetically soft iron oxide, but are
higher, due to the larger size, for Co@Fe2 than for Co@Fel. As for the previous set of samples, the
isomer shift values of the octahedral sites are higher when iron oxide-covered cobalt ferrite core,

indicating the presence of Fe'' and, therefore, not-fully oxidized magnetite.

The core-shell samples were treated by in-situ XRD-HTC to study the iron oxide thermal stability in

the core or the shell (Figure 5).
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Figure 5. XRD-HTC patterns of the core-shell samples.

FeA@Co was treated from 300 °C to 800 °C with a step of 50 °C, then from 500 °C to 600 °C with
a step of 10 °C. It is difficult to catch the hematite peaks at about 24° and 33°, probably due to the
cobalt ferrite shell that prevents the maghemite-hematite transition. The Rietveld refinement reveales
at the end of the treatment after cooling, 9% w/w of 46 nm hematite and a size increase of the spinel
phase from 12.5(1) to 25.9(7) nm (Table 6S). The weight percentage of hematite determined by the
Rietveld refinement is consistent with the theoretical fraction of iron oxide in FeA@Co estimated
from Drem_v (6% wiw). In FeB@Co, the hematite peaks are visible thanks to the higher content of
iron oxide compared to FeA@Co (23% w/w considering Dtem v). The Rietveld refinement
parameters obtained from the patterns treated in the range 300-1300 °C (Table 7S and Figures 10S1

11S) expose the formation of hematite at 700 °C when the size of the spinel phase is 19.5(4) nm, then
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its increase up to 30% w/w at 1000 °C, before going down to 14% wi/w, that could be due to solid-
state reactions between the phases.[18] After the treatment, at 25°C, the hematite fraction stabilizes
at 19%, in agreement with t he theoretical iron oxide content of FeB@Co (23% w/w) indicating,
also in this case, that the two phases of iron oxide and cobalt ferrite separated and sintered, as also
visible in the TEM micrographs reported in Figure 16S. The size of the spinel phase is stable up to
700 °C when the hematite starts to grow, and it rises to about 100 nm at the end of the thermal
treatment. On the contrary, the hematite size is always in the range of 100-90 nm, larger than that of
FeA, FeB, and FeC, due to the higher temperatures. The spinel cell parameter constantly increases
with the temperature, but when the system cools down, it lowers at a value smaller than the original
one (8.384(1) A vs. 8.409(3) A) due to the absence of Fe', probably causing lattice contraction. The
employment of an inorganic shell permitted to improve the thermal stability of spinel iron oxide, in
agreement with previous studies on SnO> coated iron oxide NPs,[44] but keeping the ferrimagnetic

features of spinel phases.

The samples featuring iron oxide as a shell follow a different behaviour (Figure 5, Tables 8S, 9S,
Figures 12S-15S). In Co@Fel, hematite starts growing at 470 °C and reaches the fraction of 87%
wi/w at 600 °C, present also at 25 °C after the treatment (theoretical iron oxide content estimated from
Dtem v = 79% w/w). The TEM micrographs of Co@Fel treated at 600 °C (Table 8S, Figure 16S)
display a micrometric particle featuring indented edges, leading one to imagine that the iron oxide
shells sintered together and entrapping the cobalt ferrite nanoparticles. Concerning Co@Fe2, the
hematite is visible at 520 °C, and the formation is completed at 600 °C (78 % w/w, Table 9S). The
higher temperature found for Co@Fe2 than Co@Fel is caused by the thicker shell of Co@Fe2.
Considering that the sample FeC presented a lower transition temperature (455 °C) than Co@Fe2
(520°C) and both samples feature similar particle size (about 15 nm), one can think that the cobalt

ferrite core preserves the spinel structure against phase transition.
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From the comparison between the core-shell samples having similar size (FeA@Co vs. Co@Fel and
FeB@Co vs. Co@Fe2) it is clear that when iron oxide is in the core, its thermal stability is increased

about one hundred degrees more than when it is in the shell.

2.3 Hydrothermal treatment of spinel iron oxide nanoparticles.

The hydrothermal stability of 10 nm spinel iron oxide nanoparticles (FeB) was tested as a function of
water content, temperature, and time, by treating the sample in an autoclave with organic solvents

(Table 2).

Table 2. Hydrothermal treatment of the samples. The solvent employed, temperature, time, percentage of hematite (%

wi/w) calculated by Rietveld refinement, and crystallite size of hematite (H Dxrp) and spinel ferrite (M Dxgrp) phases.

Hematite
Toluene | Pentanol | Water | Temperature | Time Hematite (%0) H Dxrp | M Dxro
Sample (%)
(mL) (mL) (mL) (°C) (h) Mdssbauer (nm) (nm)
Rietvled
FeB 10 10 6 220 10 0 0 - 11.8(2)
FeB_20T_180C_10h 20 0 0 180 10 0 0 - 13.1(2)
FeB_20T0.5W_180C_10h 20 0 05 180 10 75(3) 64.4(2) >100 13.4(7)
FeB_20T1W_180C_10h 20 0 1 180 10 100 100 >100 -
FeB_10T10P1W_200C_5h 10 10 1 200 5 0 0 - 12.3(2)
FeB_10T10P1W_200C_7.5h 10 10 1 200 75 0 0 - 11.9(3)
FeB_10T10P1W_200C_10h 10 10 1 200 10 15(1) 12(1) 74(8) 13.3(2)
FeB_10T10P1W_220C 5h 10 10 1 220 5 2.9(4) 1.6(5) >100 13.1(2)
FeB_10T10P1W_220C_7.5h 10 10 1 220 75 7(3) 3.0(1) >100 14.7(2)
FeB_10T10P1W_220C_10h 10 10 1 220 10 12.8(5) 9.9(2) 77(6) 19.8(2)
FeB_10T10P2W_220C_10h 10 10 2 220 10 82(3) 73.7(2) >100 20.7(2)
FeB_10T10P5W_220C_10h 10 10 5 220 10 100 100 >100 -
Co@Fel 10 10 5 220 10 0 0 - 14.3(1)
Co@Fel_10T10P1W_220C_10h 10 10 1 220 10 2.7(6) 5.3(1) >100 18.9(2)

Firstly, FeB was treated with toluene at 180 °C for 10 hours without additional water. The crystallite
size of spinel iron oxide increased from 11.8(1) nm to 13.1(2) nm. The >’Fe Mdssbauer spectrum of

the sample shows a broad singlet caused by the NPs in the edge between the superparamagnetic and
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the blocked state (Figure 6). Secondly, the sample FeB was treated with toluene at 180 °C for 10
hours, with 0.5 or 1 mL of water. In both the treatments, hematite is formed, as evidenced from XRD
patterns and °'Fe Mdssbauer spectra (Figure 6, Figure 17S), but in the first case, a small fraction of

spinel iron oxide is still present (25% w/w).

Instead of pure toluene as solvent, toluene : pentanol mixture (1:1) was employed together with 1 mL
of water at 200 °C, for 5, 7.5, and 10 hours to control the hematite formation better. At 5 and 7.5
hours, hematite did not form, and the crystallite size of spinel iron oxide was kept at about 12 nm
(Table 2). However, in the >’Fe Mossbauer spectra, some differences are visible compared to FeB.
Indeed, two sextets of different broadness arise with an additional broad singlet in the 5h-200°C-
sample. The presence of sextets, indicating magnetically blocked NPs, may be caused by the presence
of magnetite, which has higher magnetocrystalline anisotropy than maghemite (1.3-10* Jm vs.
5-103Jm). Only after 10 hours, 15% of micrometric hematite is formed, confirming the time-

dependence of spinel iron oxide-hematite transition, as seen above for the in-situ XRD analyses.

This dependence could also be evidenced when the temperature is raised to 220 °C. Indeed, after 5,
7.5, and 10 hours, the hematite content increased from 2.9% to 7% and 12.8%, respectively. The size
of the spinel phase in these samples was found to be 13.1 nm, 14.7 nm, and 19.8 nm, respectively.
The growth of the particles (also in the 5h-220°C-sample) is coherent with their Mdssbauer spectra.
Indeed, all spectra were best ascribed with two sextets corresponding to the interstitial sites of the
spinel structure with an additional sextet from the hematite structure. For the 10h-220°C sample, the
TEM micrograph reported in Figure 18S shows spheroidal NPs with sizes ranging from 15 to 30 nm,
compatible with the crystallite sizes and high dispersity. Based on the shape and size of the particles,
we can hypothesize that the larger and faceted ones are composed of hematite, while the smaller and

spheroidal ones belong to spinel iron oxide.
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Finally, changes in the water content were tested at 220 °C for 10 hours. The hematite fraction resulted
in about 13%, 80%, and 100% for 1, 2, and 5 mL of water, respectively, indicating that the spinel iron

oxide-hematite transition strongly depends on the water amount.

The spinel iron oxide hydrothermal stability was also investigated as the shell in the sample Co@Fel,
by treating the sample at 220 °C for 10 hours with 10 mL of toluene, 10 mL of pentanol, and 1 mL
of water. The hematite content was estimated to be about 2.7% w/w, while the crystallite size of the
spinel phase increased from 14.3 nm to 18.9 nm, reaching a final size similar to the sample FeB
treated under the same experimental condition. The °’Fe Mdssbauer spectrum shows the sextet
ascribable to hematite, and the two sextets of the On and Tgy sites of the spinel structure. Compared
with the hyperfine parameters of the spinel phase of the original Co@Fel (Table 10S), the treated
sample features a higher hyperfine field (due to the larger size) and isomer shift, indicating a higher
abundance of Fe'' in the spinel structure. Once again, as evidenced in the TEM micrographs of Figure
18S, larger faceted particles are present, but in a lower amount if compared to the treated FeB,

confirming the role of the cobalt ferrite core in preserving the spinel structure against phase transition.

In all the above experiments, several aspects can be summarized. The water content causes the
hematite formation, reaching the complete transition with 5 mL. Moreover, as observed in the in-situ
XRD analyses, the transition was found to be time- and, to a lower extent, temperature-sensitive.
Better control over the phase transition was obtained by replacing toluene with pentanol, probably
due to the higher reducing potential of this latter solvent.[59,60] This behaviour can be better
appreciated in the tests performed at 220°C, where the isomer shift of the sextets in the Mdssbauer
spectra (Table 10S) show values close to the bulk magnetite (0.67 mm/s),[61,62] that increase with
time, due to the longer contact between pentanol and iron oxide. This effect is also visible for the
core-shell sample Co@Fel, where On sites have an isomer shift of 0.61 mm/s indicating the presence
of magnetite in the shell. Indeed, only 3% w/w of hematite formed, well below the theoretical iron

oxide content of about 80% w/w (Table 1). This result indicates the combined effect of the cobalt
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ferrite core, which stabilizes the spinel iron oxide structure, and the pentanol reducing behaviour,
preventing the formation of maghemite and its transition into hematite. Further, the accuracy of
Madossbauer spectroscopy deserves attention, particularly concerning the detection of hematite. Indeed,
the generated hematite phase features, for all samples, similar hyperfine parameters (6 = 0.376(9)
mm/s; Bur=51.6(1) T; Qs =-0.22(2) mm/s; FWHM =0.22(6), Table 10S), and the fraction calculated
from the relative spectra intensity matches the Rietveld fraction with a better agreement when the

hematite content is above 10% w/w.
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Figure 6. XRD patterns (left) and corresponding RT >’Fe Mossbauer spectra (right) of the FeB and Co@Fel after

hydrothermal treatments under the different conditions reported in Table 2. In grey the untreated FeB sample.
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3. CONCLUSION

Thermal and hydrothermal stability of nanosized spinel iron oxide was studied as single-particle,
core, and shell in heterostructures. The spinel iron oxide-hematite transition was found to be 360 °C
for the 6 nm sample, the temperature at which the oleate molecules decomposes, favouring the contact
among the particles and the sintering. The larger 10 and 15 nm NPs displayed instead of a transition
temperature at about 455 °C. For the core-shell nano-heterostructures, the transition temperature
increases to 470 and 520 °C when iron oxide is in the shell, and about 630 °C when it is in the core,
while cobalt ferrite remains stable up to 1000 °C, indicating a stabilizing effect of cobalt ferrite toward
the phase transition. By treating the 10 nm spinel iron oxide sample in an autoclave, it was found that
the transition depends mainly on water amount, and to a lower extent on time and temperature,
transforming nanometric spinel iron oxide into micrometric hematite crystals. The transition is
complete when 5 mL of water is employed in the synthesis. The °’Fe Mossbauer spectroscopy
revealed an increase of Fe'' in the octahedral sites of the spinel structure, indicating a reducing effect
of pentanol. The cobalt ferrite core-iron oxide shell, treated in the autoclave, revealed the obtainment
of about only 3% w/w of micrometric hematite, despite the 80% wi/w of theoretical iron oxide shell.
Furthermore, the presence of isomer shift with values close to the bulk magnetite indicates the
formation of magnetite-coated cobalt ferrite NPs. This result was achieved due to the stabilizing effect
of the cobalt ferrite core toward the spinel structure and the reducing behaviour of pentanol, avoiding
the magnetite>maghemite—>hematite transition. In all the cases, the hematite content estimated by
Rietveld's refinement of the XRD pattern was comparable with the one from >’Fe Méssbauer spectra.
Finally, besides providing direct information on the spinel iron oxide stability and crystalline phase

evolution, the thermal and hydrothermal treatments suggest possible synthetic strategies for the
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development of heterostructured or composite materials, with tunable magnetic properties, from hard-

soft ferrimagnetism to antiferromagnetism.
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