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ABSTRACT

Increasing surface-to-volume ratios for nanoscale materials may cause metal(ll)oxides phases to be
thermodynamically unstable compared to their bulk counterparts. For instance, previous studies
have found FeO to be unstable for nanoparticles with dimensions below 100 nm. In this study in-
situ TEM was used to gradually reduce nanoparticles and nanochains of Fe;O3. Electron energy-loss
spectroscopy and selected area diffraction at different temperatures not only confirm earlier predic-
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tions, but also reveal the unexpected stabilization of the FeO phase for nanochains with a minimal
critical length. Hence, dimensionally constrained phases were stabilized on length-scales that were

previously considered unattainable.

IMPACT STATEMENT
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This study provides direct experimental evidence for the previously unanticipated stabilization
of metal(ll)oxides with dimensions well below 100 nm, which has exciting potential for catalyst

technologies and next generation memory devices.

Introduction

Nanoscale materials have exciting physical proper-
ties remarkably different from their bulk counterparts
[1], including nanoscale transport processes, modified
reduction—oxidation behaviors, and length-scale depen-
dent mechanical strength. Such effects are commonly
attributed to rapidly increasing surface area to volume
ratio with decreasing dimensions, which causes sur-
face thermodynamics to dominate [2]. Higher average
binding energy per atom can directly impact oxida-
tion-reduction reactions [3], solubility limits [4], and
phase stability [5-7]. For spinel-type oxide nanocrystals
with dimensions around 10 nm, Navrotsky et al. report
shifts in redox free energies, oxygen fugacity, and stabi-
lization temperatures when compared to the bulk. From
their study the authors generally concluded that smaller
surface energies for spinel structures compared to the

respective divalent oxides leads to diminished thermo-
dynamic stability [6].

Iron oxide is ubiquitous in nature, exists in vari-
ous polymorphs [8], and finds application as efficient
catalyst for fuel-cell reactions [9], electrode materials
for rechargeable solid-state batteries [10], and nanoscale
magnets [11]. In rocks, FeO serves as a redox buffer
and coexists with Fe;O3 to form magnetite, in which Fe
assumes oxidation states of +1I and +I11. Bulk FeO phase
is stable above 560°C and remains metastable under
ambient conditions in the multiphase configuration of
magnetite [12,13]. At the nanoscale [6], FeO is replaced
by a direct equilibrium between phases of metallic Fe and
Fe304.

This study provides direct experimental evidence that
nanoscale FeO is indeed thermodynamically unstable.
Assembly of iron oxide nanoparticles in 1-dimensional
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Figure 1. (a). Sketch of the experimental setup displaying the MEMS heating device and the incoming focused electron. Below the
MEMS device is an exploded view of the sample geometry. (b) and (c) are HAADF micrographs of nanochains and isolated nanoparticles,

respectively, that are supported by the SiC heating membrane.

nanochains and subsequent reduction demonstrates the
ability to stabilize FeO at length scale scales below 50 nm
[6]. Nanoscale stabilization of metal(IT)oxides is promis-
ing for catalytic and nanometric solid state memory
applications due to the existence of multiphase metal
oxides [14] with complex defect structures and related
physical properties [13].

Materials & methods

In-situ transmission electron microscopy (TEM) com-
bined with electron energy-loss spectroscopy (EELS)
was used to directly observe the temperature-dependent
phase stability of nanometric iron oxides, including
Fe;03, Fe3O4 and FeO. In-situ heating experiments
were carried out with a Jeol JEM 2100AC aberration-
corrected STEM at an oxygen partial pressure of
pO2 = 7 x 10~° mbar. For in-situ heating, SiC heating
membranes that are part of a micro-electro-mechanical
system (MEMS) were used as TEM sample support
(Figure 1a). Sample geometries included (1) individ-
ual y-Fe;O3 nanoparticles with diameters around 46 nm
dispersed onto the TEM sample support; (2) chains of
interconnected nanoparticles that were collected during
their synthesis above a self-sustaining diffusion flame
within a homogeneous magnetic field [15]. Electron
energy-loss spectra of the O K and Fe L3 edges were
recorded with an energy dispersion of 0.3 eV/channel.

The energy resolution was around 0.9eV (FWHM of the
zero-loss peak). All spectra were background subtracted
using power-law fitting, and calibrated by zero-loss cen-
tering. The probe-forming convergence semi-angle was
23.4mrad, and the collection semi-angle was approx-
imately 15mrad. Particle configurations were heated
from room temperature to 900°C at 5°C/s. All data
were recorded after holding samples for at least 10 min
at the reported temperatures. Electron micrographs,
energy-loss spectra, and selected area electron diffraction
(SAED) patterns converged within 10 min of isothermal
annealing and are thus assumed to represent thermody-
namically stable configurations.

Results & discussion

Nanoparticles and nanochains of interconnected par-
ticles were observed by high-angle annular dark field
(HAADF) imaging during in-situ heating. Figure 1b and
¢ include micrographs of typical particle configurations
at room temperature. Micrographs recorded at different
temperatures are included in the supplemental materi-
als (Figure 18S). Single particles and nanochains undergo
roughening transitions between 600°C and 800°C. Above
800°C sublimation of isolated particles is observed,
while adjacent nanoparticles within nanochains began
coarsening around 900°C (ref. [16] and Figure 1S).
The different evolution of nanoparticle and nanochain
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Figure 2. Background-stripped Fe L, 3 edges acquired from (a)
isolated particles and (b) individual nanochains after annealing to
the indicated temperatures. The dotted line highlights a system-
atic shift of spectra towards lower energy-losses.

morphologies with increasing temperature indicates a
change in their redox behavior. Near-edge fine structures
(ELNES) of the Fe L; 3 absorption edges were recorded
as a function of temperature to determine changes in
oxidation states for Fe cations.

Figure 2 shows background stripped Fe L; 3 edges as
a function of energy loss and annealing temperature for
isolated nanoparticle and nanochain configurations. For
isolated particles the ELNES line shapes exhibit no sig-
nificant change with increasing temperature other than
a reduction of the L,/L; intensity ratio above 700°C
(Figure 2a). From nanochains, however, a reduction of
the Ly/L; intensity ratios is observed at temperatures
as low as 400°C. Unlike for isolated nanoparticles, the
onset of the L3 edge obtained from nanochains contin-
ues to shift towards lower energy losses with tempera-
tures increasing above 400°C. For bulk iron oxides such
observations are consistent with the nominal reduction
of iron cations [17], hence indicating a clear difference
of the reduction-oxidation behavior between individual
particles and nanochains. For a more detailed identifi-
cation of the apparent oxidation states, integrated L3/L,
intensity ratios were determined following a two Gaus-
sian peak-fitting method [18]. The determined intensity
ratios are plotted as a function of temperature in Figure 3.
The decreasing trend in the Fe L3/L; intensity ratio for
both single nanoparticle and nanochain configurations
demonstrate continuous Fe reduction with increasing
temperature. Most notable is the discrepancy of the white
line intensity ratios for individual nanoparticles in the
temperature interval between 400°C and 800°C, where
values range between 4.8 and 5.2. Ratios obtained from
nanochains drop to significantly smaller values between
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Figure 3. L3/L, white line intensity ratios extracted from Figure 3
plotted as a function of temperature for both individual nanopar-
ticles (red triangles) and nanochains (blue squares). Error bars are
+0.2.

3.5 and 4.0. The white line intensity ratios observed in
this study reproduce those from previous reports that
were obtained by the same technique [17-20]. Com-
parison of the experimental data to reference data was
subsequently used to identify specific iron oxide phases.
Discrepancies between the L3/L; intensity ratios found
in this study this study and the reference data listed
in Table 1 reflect systematic errors that are attributed
to differences in counting statistics and EELS process-
ing parameters, including the widths of energy intervals
for spectrum integration and continuum background fit-
ting. The observed L3/L; intensity ratios reveal that in
situ annealing of the iron oxide nanochains resulted in
the transition from y-Fe;O3; to Fe3O4 at 250°C, fol-
lowed by FeO between 400°C and 800°C, and metallic
Fe above 800°C. In contrast, individual nanoparticles
maintain white line intensity ratios consistent with Fe3O4
between 250°C and 700°C, before an abrupt reduction
to metallic Fe at 800°C. No evidence was detected for
FeO composition in the case of isolated nanoparticles.
Complete reduction to metallic Fe was confirmed for
both configurations using integrated oxygen intensities
indistinguishable from the experimental noise.

EELS experiments were carried out either during in-
situ heating to the reported temperatures, or immediately
after rapid cooling to room temperature. ELNES line
shapes and their respective L3/L; intensity ratios revealed
no detectable differences, irrespective of whether they
were recorded during in-situ heating or after cooling. The
gradual reduction of Fe during in-situ heating indicates
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Table 1. Reference data for L3/L; intensity ratios assigned to spe-
cific iron oxides. The listed data were obtained with identical
methods utilized in this study.

Fe L3/L; intensity ratio Assigned Phase

6503 a-Fez03 [19]
6003 a-Fez03 [20]
58403 y-Fez03 [19]
55403 y-Fe;05[17,20]
52403 Fe304[19,20]
46403 FeO[19]
44403 FeO[17]

30 Fe[17]

the irreversible formation of thermodynamically sta-
ble phases for the specific experimental conditions, i.e.
temperature intervals and oxygen partial pressure. Re-
oxidation during cooling of the sample is suppressed due
to the insufficient oxygen partial pressure in the continu-
ously pumped vacuum.

For individual nanoparticles and nanochains the
phase transformation from Fe;O3; to Fe;Qy initiated at
250°C. The Fe;0, phase was maintained up to 700°C
in the case of isolated nanoparticles. Transition to the
FeO phase was observed for nanochains around 400°C.
Nanochains retained the FeO phase to temperatures
as high as 800°C while no FeO phase was detected
for isolated nanoparticles. The shape of the nanoparti-
cles however changed from faceted to round starting at
approximately 600°C before mass loss due to sublima-
tion occurred. The presence of the FeO phase within the
nanochain configuration was independently confirmed
by in-situ SAED experiments. Figure 4 shows an SAED
pattern and a bright field TEM image recorded from
the same Fe;O3 nanochains before thermal annealing.
Figure 5 shows radial intensity line profiles as a function
of reciprocal lattice spacings extracted from rotationally

averaged diffraction patterns that were recorded from
the same nanochain at different temperatures. At room
temperature (Figure 5a) observed reciprocal lattice spac-
ings are in excellent agreement with those reported from
previous SAED and X-ray powder diffraction studies for
y-Fey03 [21,22]. Both maghemite and magnetite (Fe3O4)
crystallize with the cubic spinel structure (space group
Fd-3 m), which makes it challenging to distinguish the
two phases from each other. However, the relatively small
particle diameters combined with the excitation error for
the TEM experiments result in the appearance of kineti-
cally forbidden diffraction spots, including the (211) peak
observed at room temperature (Figure 5a) which is exclu-
sive for y-Fe;03. Its absence from the SAED patterns
recorded at 600°C (cf. Figure 5b) provides evidence for
the phase transformation from y -Fe; O3 to Fe304. SAED
patterns recorded after continuous heating to 800°C
exhibit significantly different distributions of diffraction
intensities. Figure 5c reveals peak intensities that are in
excellent agreement with {111}, {200}, and {220} lat-
tice planes in FeO. The small remanence of diffraction
intensities coinciding with {222}, {400}, and {511} reflec-
tions in Fe3Oy4 suggest a gradual transformation of the
nanochains from Fe304 to FeO. Such transformation
kinetics are expected since the three iron oxides are com-
prised of similar closed packed arrays of oxygen anions,
in which iron cations can easily move between octahedral
and tetrahedral sites. It was previously reported that free
surface activities change as a function crystallographic
orientation [23-25], which suggests that different facets
of the nanoparticles will obey slightly different reduction
kinetics. SAED patterns recorded at 900°C are in excel-
lent agreement with those expected for metallic y -Fe (cf.
Figure 5d). The TEM micrograph in the inset of Figure 5d
demonstrates sintering of nanochains.

Figure 4. SAED pattern and bright field TEM image of y-Fe; 03 nanochains recorded before thermal annealing at 25°C. For more accurate
determination of reciprocal lattice spacings SAED patterns were rotationally averaged.
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Figure 5. Rotationally average reciprocal lattice spacings
extracted from SAED patterns recorded between 25°C and 900°C.
Lattice spacings for y-Fe;0s3, Fe304, Fe, and metallic Fe are
labeled with respective Miller indices.

EELS and SAED experiments during in-situ anneal-
ing directly confirm stabilization of the FeO phase on
the nanoscale provided nanoparticles are arranged in
nanochain configurations. This result is remarkable since
the FeO phase remains confined within 50-70nm in
two independent directions, while phase stabilization is
accommodated by interconnecting adjacent particles.

Navrotsky et al. [6] have argued that differences in sur-
face energies have a strong influence on phase stability
by shifting redox free energies by up to 30 kJ/mol. Size-
driven thermodynamic crossovers in phase stability at the
nanoscale are a result of the changes in the free ener-
gies of polymorphs due to differences in surface energies
[6,26-29]. Thermodynamic calculations have predicted
that isolated FeO nanoparticles with diameters below
100 nm are unstable and Fe3O4 and Fe phases coex-
ist [6]. The EELS results for isolated particles observed
in this study provide direct experimental evidence for
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the coexistence of Fe304 and Fe. Temperatures as low
as 400°C, however, reveal the stabilization of the FeO
phase for nanochains with lengths equivalent to 6-8 par-
ticle diameters. The assembly of individual nanoparticles
into chain-like geometries and partial sintering between
particles (Figure S1 and reference [16]) leads to the for-
mation of particle/particle contacts with grain boundary
energies lower than the specific surface energies. This
effect alongside potential particle rotation and faceting
decreases the total surface energy of the particle ensemble
and stabilizes the FeO phase.

EELS data recorded from nanochains consisting of
less than 4 interconnected particles did not reveal any
FeO formation at temperatures as high as 700°C. Instead,
magnetite transformed directly to the metal phase, indi-
cating that nanochains of at least 4 particles, or an equiva-
lent length of about 180 nm are required to stabilize FeO.
Considering particle diameters of 46 nm, and interparti-
cle neck diameters around 24-26 nm (see Figure S1), sur-
face to volume ratios of nanochains comprising of at least
6 nanoparticles are 12-14% smaller than those observed
for individual nanoparticles of the same size. Surface to
volume ratios for 6-particle nanochains are similar to
those of individual nanoparticles with diameters around
50-60 nm, potentially suggesting that particle sizes con-
siderably smaller than those previously estimated may
present stability of FeO. Purely geometric arguments in
conjunction with earlier analysis of redox phase equi-
libria [6] suggest that the stabilization of metal(IT)oxide
phases in nanochain configurations may be a general
phenomenon not restricted to only iron oxides. Phase
stability for CoO was reported during reduction reactions
of thin films [30]. The relatively low Fe30,4 to FeO tran-
sition temperature of 400°C is consistent with previous
indirect observations for thin metal-oxide films [31].

The results of this study demonstrate the poten-
tial to stabilize metal(II)oxides on length scales where
they were previously considered unstable. For individual
nanoparticles, the stability of metal(II)oxides is inhib-
ited by the larger total surface energy. At the nanoscale
increasing surface area to volume ratios can be con-
sidered as extra pressure due to increased surface ten-
sion, which makes the formation of metal(I)oxides
energetically unfavorable compared to 1-dimensional
nanochains. The relatively smaller grain boundary ener-
gies compared to free surface energies further sug-
gest the ability to similarly stabilize microstructures of
nanocrystalline metal(IT)oxides. A prediction of criti-
cal nanochain length however requires consideration
of free surface energies, specific grain boundary ener-
gies, redox potentials and oxygen partial pressures. The
ability to stabilize nanoscale metal(II)oxides, and espe-
cially FeO, will enable applications in nano-magnetic and
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catalyst technologies for next generation memory devices
and more efficient hydrogenation of nitroarenes during
the manufacturing of pharmaceuticals and agricultural
chemicals.
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