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ABSTRACT

In this work, we present an in situ transmission electron microscopy (TEM)
study of Fe thin films to Fe nanoparticle formation and their oxidation to single-
crystal magnetite nanoparticles. Amorphous Fe thin films were prepared by
sputtering on TEM carbon grids. The thin Fe films were continuously heated
in situ from room temperature to 700 °C under vacuum (4 x 10~* Pa). With the
increase in temperature, the continuity of the thin film starts breaking, and Fe
nanoparticle nucleation centers are formed. At 600 °C, the thin film transforms
into metallic Fe nanoparticles (NPs) with a small presence of different Fe oxide
NPs. Further increase in the temperature to 700 °C resulted in the full oxidation
of the NPs (i.e., no core-shell were found). Zero-loss energy filtered diffraction
and HRTEM analysis of the lattice spacing reveals that all NPs have fully
transformed into single-phase magnetite NPs. The structural study of the
magnetite NPs shows that magnetite NPs are free of antiphase domain
boundary defects. This work demonstrates that under low partial pressure of
oxygen at elevated temperatures a complete oxidation of Fe NPs into magnetite
single-crystal nanoparticles can be achieved.
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resonance imaging contrast enhancement agents [9],
and catalyst support [10-12].

There are both chemical [13-17] and physical
methods to produce iron oxide NPs [16, 18]. Physical

Introduction

The study of iron oxide nanoparticles (NPs) has
burgeoned during the last decades [1-3] due to their

range of applications that include water purification
[4], ferrofluids [5], hyperthermia treatments of
tumors [6], chemical sensing [7, 8], magnetic
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methods include post-growth oxidation of sputtered
Fe NPs [19, 20] and laser-induced pyrolysis [21].
Independently from the preparation methods,
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obtaining iron oxides NPs with bulk-like structures
has been shown to be very challenging, e.g., core/
shell structures Fe/Fe-oxides are a common outcome
[19, 20, 22] as well as the presence of antiphase
boundaries [23]. Such type of defects, commonly
occurring in thin Fe oxide films [24, 25], are known to
reduce the magnetization of the material [23], detri-
mental to some of their applications. Although
methods for the production on large scale of free-
standing iron oxide NPs are important, the funda-
mental understanding of iron crystals formation and
evolution under controlled gas and temperature is a
key for the development of potential industrial
applications. In this work, we demonstrate that
annealing in low O, pressure of pre-sputtered iron
thin films results in single-crystal Fe;O, (magnetite)
NP formation. By performing in situ TEM studies, we
were able to characterize the structural phase trans-
formations from thin Fe film to single-crystal mag-
netite NPs.

Historically ample literature has been produced on
the oxidation mechanism of iron and phase trans-
formations of iron oxides from bulk materials to thin
films down to nanoparticles [16, 17, 26-31]. Phase
diagrams for the Fe-O system in bulk materials are
well known [32], but they are not directly applicable
to nanoscale objects. In situ heating and gas envi-
ronmental electron microscopy [33] provide unique
opportunities to investigate the oxidation down to
the nanometer and atomic scale in quasi-equilibrium
conditions. One of the challenges present during this
type of studies is the effect of the electron beam and
the residual gas molecules in the microscope column
[34] on the oxidation dynamics [35], hence the final
product of the oxidation. In this work, we utilize the
residual O, in the microscope column to perform
low-pressure (4.0 x 107* Pa) oxidation study during
in situ heating of iron sputtered thin films as a
function of temperature. To avoid phase transfor-
mations driven by the electron beam, heating of the
sample was done with the beam off, and the TEM
imaging was performed for very short time (in order
of seconds) by continuously changing area of obser-
vation. Due to the close lattice spacing of the iron
oxide phases of interest (Fe;O, and y-Fe,Os), stan-
dard TEM imaging techniques are not able to dis-
tinguish between these two phases; here we show
that energy filtered electron diffraction can overcome
such a limitation.
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Materials and methods

Samples for TEM investigation were deposited
directly on amorphous holey carbon films supported
by TEM Cu grids (AGAR Holey Carbon Films on 200
Mesh Copper Grids, AGS147) by glow discharge
sputter coating. The holy carbon support film has a
nominal thickness of 10-15 nm; such a thickness has
been chosen as a compromise between ultrathin
carbon films (3 nm) and standard carbon film
(28-30 nm), in order to ensure robustness during the
heating experiment in the presence of residual gas.
The TEM grids were put centrally in the bottom of
the vacuum chamber of a high-resolution plasma
sputter coater (model JFC-2300HR, JEOL Ltd) with
the carbon film facing up toward an iron target (Su-
perVac® Fe target 99.9% purity, 0.1 mm thickness,
Testbourne Ltd). Sputtering was performed for 60 s
at a current setting of 40 mA using gas argon
(99.999% Zero Grade Argon, BOC); the deposited
film thickness, as measured by the quartz monitor of
the sputter coater, was below 1 nm.

In situ electron microscopy was performed using
an environmental transmission electron microscope
(TEM) operating at 300 kV (Titan, FEI) and equipped
with a third-order image aberration corrector (Cetcor,
CEOS). Samples were loaded on a single tilt heating
holder (Gatan, model 628). Sample temperature was
controlled and monitored by using a SmartSet hot
stage controller (Gatan, model 901).

Results and discussion

The as-sputtered thin film supported by the carbon
film was transferred in air and loaded to the TEM
microscope column with a vacuum basic pressure of
4.0 x 107* Pa, as measured by the microscope col-
umn vacuum gauge, corresponding to a residual
oxygen partial pressure of 0.8 x 10™* Pa (calculated
assuming a 21% Oxygen fraction as in the atmo-
sphere). As shown in Fig. 1, both HRTEM images
(Fig. 1a) and electron diffraction patterns (Fig. 1b) do
not reveal any atomic ordering (no atomic fringes in
HRTEM) neither clear sharp diffraction rings.

The temperature was then ramped up to 600 °C
from room temperature, with a linear rate in 30 min.
Before exposing the sample to the electron beam for
imaging, the specimen holder was left to stabilize
thermally to reduce drift for additional 60 min. After
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this annealing step, nanoparticles with round shape
with an average diameter of 5.2 nm were formed, as
shown in Fig. 2a, b.

Diffraction patterns show that annealing has star-
ted the crystallization process, which resulted in
crystalline NP formation within the amorphous/
semicrystalline thin film. This is concluded from the
simultaneous presence of sharp and diffusive
diffraction rings presented in Fig. 2c—e. Detailed
analysis of these diffraction rings using JEMS soft-
ware revealed that the crystalline NPs have spacings
mostly corresponding to bulk iron-a phase as shown
in Fig. 2c, as well as some diffraction spots and a
minor ring compatible with the other major bulk iron
oxide phases such as magnetite (Fe;O4) as shown in
Fig. 2d, hematite (o-Fe;O3), and maghemite (y-
Fe;O;). Calculated diffraction patterns for wustite
(FeO) and iron carbide (Fe3C) do not fit the experi-
mental data. In fact, in bulk ferrite (o-iron), carbon
solubility is as low as < 0.00005 wt% at room tem-
perature which can increase up to 0.02 wt%, at about
720 °C, where Fe is supersaturated with C in the
interstitial positions. Quenching the supersaturated
Fe down to the range 20-300 °C leads to Fe;C pre-
cipitate formation [36]. In this work, we have not
found any evidence (both by HRTEM and electron
diffraction) of the Fe;C structure at the experimental
temperatures used; hence, solubility of C into NPs if
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present does not result in a distinctive structural
phase.

With further increase in the temperature, raised to
700 °C, the film completely dewets from the support
and the formation of nanoparticles with increased
abundance, size, and pronounced morphology is
obtained (Fig. 3). Faceting of the NPs is now evident
(Fig. 3a, b) compared to the round nanoparticles
obtained at 600 °C (Fig. 2). We note that crystallinity
of the NPs is extending well to their surfaces, in
contrast to observed disorder at surfaces in metallic
NPs [3]. The drastic phase transformation due to the
increase in temperature is also evident from the
diffraction patterns taken at 700 °C, as shown in
Fig. 3. Diffraction ring analysis (as discussed later in
Fig. 5a) confirms atomic planes spacing compatible
with both magnetite (Fe;O,) and maghemite (y-
Fe;0,), indicating that the low pressure of oxygen in
the microscope column is sufficient, at 700 °C, for a
full oxidation of the formed nanoparticles. In fact, no
evidences of core/shell structures or metallic
nanoparticles were found by imaging or electron
diffraction.

HRTEM imaging of single nanoparticles show lat-
tice spacings corresponding to orientations of NPs
along the major crystallographic axes [111], [100], and
[2-1-1], Figure 4. Atomic spacing measurements from
the HRTEM images are compatible with both
maghemite and magnetite phases.

Figure 1 As sputtered Fe thin film before annealing. a Bright field TEM image showing the support and sputtered material; b diffraction

pattern showing diffuse rings typical of amorphous materials.

@ Springer
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Figure 2 Nanoparticle
formation at 600 °C. a Bright
field image showing
nanoparticles formed onto the
carbon film support;

b nanoparticle statistic over
141 nanoparticles from several
images showing a 5.2 nm
mean NPs diameter
(equivalent area circular
diameter); diffraction pattern
showing rings corresponding
to the NP polycrystalline
phase; DP analysis shows that
the main phase is a-Fe (c),
with extra rings compatible
with the main iron oxide
phases magnetite (d), hematite
(e), and maghemite (not
shown here).

We note that the accuracy of spacing measure-
ments using the HRTEM (~ 2% error) does not allow
to distinguish between the maghemite and magnetite
NPs, since the difference of their lattice spacings is
only ~ 0.5%. This problem can be overcome by uti-
lizing the superreflections and kinematically
allowed diffraction reflections for maghemite. Even
though magnetite and maghemite share virtually
almost the same crystallographic spacings (lattice
constants are dmagn = 8.397 A, Amagh = 8.351 A), the
broken symmetry along the c-axis of maghemite, i.e.,
c = 3a, provides unique characteristic super-reflec-
tions and kinematically allowed reflections of
maghemite that are not present in magnetite diffrac-
tion patterns. As shown in Fig. 5b, the low index
lattice spacings corresponding to (110), (210), (211),
and (421) atomic planes should be present in the
maghemite diffraction patterns while they are for-
bidden in magnetite. The most intense diffraction
reflections of these, thus the easier to be identified,
are due to (210) and (211) planes. The difficulty in
imaging diffraction patterns at these low spatial fre-
quencies is the proximity of transmitted (000) beam.
The (000) beam contains the majority of the trans-
mitted electron intensity, as well as diffusively scat-
tered electrons which broaden the (000) beam; as a
result, the low index plane reflections usually overlap

@ Springer
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with the transmitted beam, as shown in Fig. 5a. We
note that even with a beam stopper the low-angle
Bragg scattered electrons will be superimposed with
the spread of the (000) beam. In order to capture the
low scattering vectors and separate them from the
(000) beam, we used post-column electron energy
filtering to reduce the background. Figure 5¢ shows a
diffraction pattern taken at a longer camera length
with a 5-eV energy window centered on the zero-loss
peak (ZLP) to ensure the removal of inelastic scat-
tered electron from the diffraction pattern. The
energy filtered diffraction pattern clearly shows the
(111) and (220) diffraction rings corresponding to
Fe;O4; however, the (110), (210), and (211) repre-
senting the maghemite phase are missing. In addi-
tion, if the maghemite phase was present in the NPs,
the (210) and (211) Bragg reflections would have
produced rings with slightly higher intensity than the
(111) reflections of magnetite observed in Fig. 5¢).
This clearly shows that the completely oxidized NPs
have a magnetite structure.

The results obtained show that annealing at higher
temperature (700 °C) under low background O
pressure promotes the formation of single-phase
magnetite nanoparticles. These findings are in stark
contrast with reports of formation of NPs under
higher O, pressure which are usually core-shell
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Figure 3 Nanoparticle
structure and size at 700 °C; a,
b Bright field image showing
increased size and faceting of
the nanoparticles; ¢ selected-
area image relative to
diffraction pattern d showing
rings compatible with both
Fe;04 and y-Fe,03; e, £
nanoparticle size analysis
showing a 6.6 nm mean NP
diameter (equivalent area
circular diameter).

200 nm

[19, 20, 22] and have a significant number of struc-
tural defects including antidomain phase boundaries
that originate at the core-shell interface, and are
responsible for complex magnetic behaviors of the
nanoparticles. It is interesting also to note that
according to the calculated structural phase stability
for iron oxides with respect to temperature and O,
pressure [37] for bulk systems, at both 600 °C and
700 °C and at O, pressure of 107 Pa, only the a-Fe;O3
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phase is energetically favorable, while the Fe;O4
phase is expected above 800 °C. These calculations do
not correspond to NPs; our observations clearly show
that, at the nanoscale, the transformation into Fe;Oy4
happens at lower temperature (700 °C), and it is
preceded not from a-Fe;O3 NPs, as discussed above.
We note that the quasi-equilibrium conditions during
in situ TEM annealing will also contribute to the

@ Springer
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Figure 4 HRTEM images of
oxidized nanoparticles at

700 °C showing nanoparticles
oriented along different zone
axes, with clear faceting and
no disorder at their surfaces.
(The insets are digital
diffractograms).

=
I=
12

Figure 5 Analysis of diffraction pattern from nanoparticles at
700 °C. a DPs superimposed with Fe;O4 and y-Fe,O3 calculated
for powder of 20 nm NPs; the black dashed box highlights the area
where the low index diffraction rings of Fe;O4 and y-Fe O3

discrepancy between the bulk and NP behaviors
besides size effects.

Conclusions

In summary, in this work we studied the evolution of
sputtered amorphous Fe thin films deposited on
amorphous C as a function of temperature and low
(background) O, pressure by using in situ transmis-
sion electron microscopy. We have shown that
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should/can appear, as outlined also by black box in b. ¢ Energy
filtered DPs, with superimposed Fe;O, calculated diffraction rings
(dashed white lines).

amorphous Fe thin films dewet with increasing
temperature and spherical shape nanoparticles are
formed. Continuous annealing in the presence of
residual oxygen O, under a microscope column
vacuum of 4.0 x 107 Pa drives the crystallization
and oxidation process. The structural phases of the
nanoparticles at 600 °C are with mixed phases and
structure. Electron diffraction measurements show
that the majority of NPs have atomic lattice spacings
corresponding to a-Fe. Further annealing to 700 °C
drastically changes both the morphology and
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structure of the nanoparticles. Nanoparticle mean
size increases from 5.2 to 6.6 nm, and from spherical
they became faceted. Zero-loss energy filtered elec-
tron diffraction patterns revealed that all particles
transform into magnetite nanoparticles, with no trace
of other Fe oxide phases or core-shell structured
nanoparticles. The atomic resolution TEM imaging
confirms the single-crystal structure of the magnetite
nanoparticles and their structural integrity. This
work demonstrates that annealing in low pressure O,
leads to creation of single-phase magnetite nanopar-
ticles starting from amorphous Fe thin film and can
provide a way to avoid core-shell or mixed Fe oxide
phase nanoparticles.
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