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ABSTRACT: At the surface of iron oxide nanoparticles, an oxidized or disordered layer
is often found. Due to the large surface-to-volume ratio of nanomaterials, such a surface
layer plays an important role in the overall magnetic properties of the particles.
Consequently, it is important to characterize the surface layer if applications of iron oxide
nanoparticles, e.g., for magnetic hyperthermia, magnetic particle imaging, or ferrofluidics,
are envisaged. In this work, we tuned the phase of the surface layer of 14 nm iron oxide
nanoparticles via annealing procedures. The phase composition of the particles is
systematically studied using hard X-ray absorption spectroscopy.

1. INTRODUCTION

Magnetic iron oxide nanoparticles (NPs) are in the focus of
intense research activities because of their existing and
potential use in nanomedical and ferrofluidic applications.' "
To synthesize iron oxide particles with the desired properties,
the exact relationship between their magnetic properties and
their crystallographic structure and phase composition needs
to be understood. In this work, we specifically focus on
systematic hard X-ray absorption spectroscopy (XAS)
investigations to characterize the phase composition inside
the particles.

Depending on their crystallographic structure and their
oxidation state, iron oxides show different magnetic properties.
FeO (wiistite) containing purely divalent Fe®" is an
antiferromagnet (AF) with a rock salt crystallographic
structure."*~" Tts AF to paramagnetic (PM) phase transition
is found at 198 K in bulk. With increasing oxygen content, FeO
can be transformed via a topotactic phase transition to Fe;O,
(magnetite). Here, two-thirds of the Fe** is oxidized to Fe®'.
Fe;0, is a ferrimagnet (FiM) with a Curie temperature of 858
K in bulk and has an inverse spinel crystal structure,
(8Fe*),[8Fe?* + 8Fe**]y 320%7.'"'® One-half of the Fe*
ions occupy tetrahedral A sites. The other half together with
the Fe** ions occupy the octahedral B sites. In addition, Fe;0,
displays a metal-to-insulator transition at the so-called Verwey
transition at 125 K in bulk.'*™° When Fe;O, is further
oxygenated, 7-Fe,O; (maghemite) is obtained, which has a
similar inverse spinel structure as Fe;O,. Its crystal structure
can be considered as a magnetite structure but with 8/3 cation
vacancies at the octahedral sites, (8Fe>*),[40/3Fe* + 8/3[1];
320%". Below its Curie temperature of 948 K, y-Fe,O,
transforms from PM to FiM.'*'® The transition temperatures
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in NP systems are usually reduced compared to their bulk
values due to the finite size effect.'"*' ™’

XAS techniques have been widely used to study the
oxidation state and the local structures of iron-containing
minerals.”*™** By analyzing the extended X-ray absorption fine
structure (EXAFS) spectra, information about the local
structure is obtained and compared with theoretical calcu-
lations.”® A clear chemical shift is found in the X-ray
absorption near-edge structure (XANES) region, characteriz-
ing the change of the oxidation state of Fe ions 28293534
Furthermore, the pre-edge features provide additional
information about the oxidation states and local coordination
environment of the Fe jons.*"*%37%9~#

2. EXPERIMENTAL SECTION

Spherical iron oxide NPs were synthesized based on the
procedure described in ref 42 with a few modifications
(Supporting Information). Magnetic properties of the NPs
were characterized using a PPMS (Physical Property Measure-
ment System) from Quantum Design with the Vibrating
Sample Magnetometer (VSM) option. For the magnetometry
measurements, the NP dispersion was drop-casted on a piece
of silicon substrate (S mm X S mm). The total magnetic
moment of the sample was measured with the substrate
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Figure 1. (a) ZFC/FC magnetization curves of spherical iron oxide NPs with a 14 nm diameter measured at 5 mT. Inset in (a) shows a TEM
image of the particles. (b) Hysteresis loops of the as-prepared iron oxide NPs measured at 300 and S K after field cooling in S mT.

oriented in-plane to the applied magnetic field. Temperature-
dependent magnetization curves were measured with two
procedures. After the sample was cooled in zero magnetic field
from room temperature to 5 K, an external magnetic field of §
mT was applied. The zero-field cooled (ZFC) magnetization
curve was then recorded during warming in the applied field.
After the temperature reached 300 K, the field-cooled (FC)
magnetization curve was measured during cooling to 5 K in the
same magnetic field. Field-dependent magnetization curves
were measured both at 300 and 5 K after the sample was
cooled at an applied magnetic field of 5 mT. The magnet-
ization curves were measured during changing the magnetic
field from +9 to — 9 T and then back to +9 T.

The morphology of the NPs was characterized by trans-
mission electron microscopy (TEM) and small-angle X-ray
scattering (SAXS). The SAXS patterns were collected at the
P08 beamline at PETRA III, DESY, using a PerkinElmer
detector. XAS measurements around the Fe K-edge (7112 eV)
were performed at the P65 beamlines at PETRA III, DESY,
using a Si(111) double-crystal monochromator. For both
SAXS and XAS measurements, the NP dispersions were drop-
casted onto a piece of Kapton foil. The samples were measured
in transmission mode for SAXS. The sample was hereby placed
with the substrate plane perpendicular to the beam. For the
XAS measurements, the sample was mounted 45° to the
incoming X-ray beam. The XAS pattern was measured
simultaneously in both the transmission and fluorescence
modes. An ionic chamber was placed before the sample
position to obtain the monitor signal, and a second ionic
chamber was placed after the sample position to obtain the
absorption signal of the sample in transmission geometry. An
additional passivated implanted planar silicon (PIPS) detector
was mounted 45° to the beam and 90° to the sample for
simultaneous fluorescence measurements. Compared to the
data measured in the transmission mode, the XAS data
measured in the fluorescence mode has much higher quality.
This is because the drop-casting method used to prepare the
samples results in an uncontrollable and inhomogeneous
sample thickness, which affects the transmission measurement.
Therefore, the XAS data shown in this work were measured in
the fluorescence mode.

3. RESULTS AND DISCUSSION

The size and the shape of the as-prepared NPs were
characterized using TEM (Figure la, inset) and SAXS. Both
results show that the particles are spherical with a mean
diameter of 14.4 nm. The polydispersity of the size distribution
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obtained from the SAXS pattern is 22.1% (Supporting
Information Figure S1).

Figure la shows the ZFC/FC magnetization curves of the 14
nm iron oxide NPs. The ZFC curve shows a maximum at 200
+ 10 K, below which the ZFC and FC curves split. Such
behavior is often observed in non-interacting superparamag-
netic systems or interacting, e.g., super-spin, glass sys-
tems.'"**"~* Moreover, the FC curve displays a weak step-
like feature at around 120 K, which matches the Verwey
transition temperature of magnetite, while in the ZFC curve,
this feature is masked by the larger slope at this temperature in
comparison to the FC curve. Another explanation for a
decrease of the FC curve is the presence of inter-NP
interactions.”” Here, it is very likely that both effects play a
role, i.e, a small fraction of magnetite in the NPs is present,
and that non-negligible inter-particle interactions also occur.
The latter is expected due to the close packing of NPs in the
drop-casted sample morphology and, hence, significant
magnetic dipolar interactions.”® Since the ratio of magnetite
is small, we conclude that the as-prepared NPs are composed
of mainly maghemite with a small fraction of magnetite. Even
though there is no clear evidence indicating the presence of
FeO, the existence of a small amount of FeO cannot be
excluded. This will be discussed later below.

Furthermore, the field-dependent magnetization curve
shows an open hysteresis loop at S K after cooling in a
magnetic field of S mT, while at 300 K, a closed paramagnetic-
like loop shape is encountered (Figure 1b). Such a behavior is
expected for superparamagnetic systems, i.e., superparamag-
netic-blocked behavior with an open hysteresis loop well below
the blocking temperature and unblocked behavior well above
the blocking temperature.**”**™' In the low-temperature
M(H) curve, one also finds that the center of the hysteresis
loop is shifted by about 11.2 mT toward the negative direction.
Obviously an exchange-bias (EB) effect”™> ™ is found. EB is
often a characteristic feature of heterosystems composed of an
AF and a ferromagnet (FM), where the AF material exhibits a
unidirectional bias of the FM hysteresis loop. EB effects have
also been reported for the AF—FiM, FM—FiM, and FiM—FiM
heterosystems or core-shell particles where the shell is
composed of disordered spins or form a spin-glass like
layer.'*>*™>* In this case, the EB interaction occurs at the
interface between the two different FiM components, i.e.,
magnetite and maghemite, inside the NPs.

To investigate how the exchange interactions between
different phases influence the overall magnetic properties of
iron oxide NPs, both the temperature- and field-dependent
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magnetization curves were measured after the as-prepared
sample was oxidized in air at SO °C for 24 h (Supporting
Information Figure S5). Both the ZFC/FC curves and the
hysteresis loops show similar behavior as that of the as-
prepared samples. However, the peak temperature in the ZFC
curve shifts from about 200 to 160 K. Moreover, the FC curve
does not show a decrease below the peak temperature. This
indicates that the ratio of magnetite and/or wiistite is reduced.
The exchange interactions at the interface between the
different phases stabilize the FiM spins of maghemite, thus
resulting in a higher peak temperature in the ZFC curve of the
as-prepared sample. After oxidation, the exchange interaction is
much weaker due to the reduced amount of magnetite or
wiistite. Thus, the peak temperature is found to be lower.
Furthermore, the coercive field in the hysteresis loop of the
oxidized sample is smaller compared to that of the as-prepared
NPs due to the weaker effective magnetic anisotropy.

For well-controlled technological applications of the iron
oxide NPs, their internal composition needs to be thoroughly
characterized. In this work, we focus on hard X-ray absorption
spectroscopy studies at the Fe K-edge. It is well-known that in
particular, XANES is sensitive to the valence states of atoms in
the materials. Compared to metallic Fe, the absorption edge of
Fe’" is reported to be shifted toward higher energies by a few
eV. For Fe*, the XANES profile is further shifted.”®*>*>*~%
Such chemical shifts are also found in the XANES spectra of
our reference samples FeO, Fe;0,, and y-Fe,0;, as can be seen
in Figure 2a. The maximum and half-maximum positions of the
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Figure 2. (a) Comparison of the Fe K-edge XANES spectra of 14 nm
iron oxide NPs with reference systems. (b) Comparison of the relative
composition of the NPs before and after annealing.

Fe;O, and Fe,O; peaks are shifted toward higher energies
compared to that of FeO. For the metallic Fe foil, the

absorption energy is found to be ~1.3 eV lower compared to
divalent FeO (Supporting Information Figure S2). The shapes
of the XANES profiles of Fe;O, and y-Fe,O; are similar
because they both have an inverse spinel crystal structure with
a similar lattice constant. Differences are due to the fact that y-
Fe,O; has cation vacancies at its octahedral sites. FeO has
different bonding arrangements caused by the different
crystallographic structure (rock salt structure). Therefore,
they show distinctly different behavior in the XANES spectra.
The half-maximum position of y-Fe,O; is 1.7 & 0.3 eV higher
compared to Fe;O, and 3.2 # 0.5 eV higher compared to FeO.
Moreover, the peak position of the pre-edge is found at a
slightly lower energy for the completely divalent Fe system
FeO compared to the completely trivalent Fe system y-Fe,Oj.
This will be discussed later in detail.

The XANES spectrum of the as-prepared iron oxide NPs
shows a similar shape as that for Fe;O, and y-Fe,O;. This
indicates that the particles have a mainly spinel structure.
However, the half-maximum position for the NPs lies between
that of the Fe;0, and y-Fe,O;. By fitting the XANES spectra of
the NPs using a linear combination of the FeO, Fe;O,, and y-
Fe,0; reference data, one can obtain the relative composition
inside the particles. For the best fit, we use 2.5% weighted FeO,
44.9% Fe O, and 52.6% y-Fe,O; (Supporting Information
Figure S3). However, even for the best fit, there are slight
mismatches around the pre-edge and the maximum position of
the spectrum. This is possibly due to the distorted structure at
the interface between different phases or at the surface of the
particles.

To study how the composition changes inside the NPs after
oxidation, we compared the results obtained from the as-
prepared sample with that of the particles after being oxidized
in air at 50 °C for 24 h. As can be seen in Figure 2a, the
spectrum shifts further toward higher energies after annealing
and becomes more similar to the pure y-Fe,O; data. This
indicates that the particles are transformed to mainly the y-
Fe,0; phase, which matches the expectation such that thermal
annealing in air should yield a transformation to mainly
maghemite.21 From a linear combination fit, we obtain that the
annealed NPs are composed of 83.9 + 5% y-Fe,O; and 16.1 +
5% Fe;O,4 Obviously, a significant increase of the y-Fe,0;
fraction is found as expected. These results also agree with the
conclusions of previous magnetometry studies on iron oxide
NPs.!

Compared to the linear combination fit of the as-prepared
sample, the fit of the XANES spectrum of the oxidized sample
matches better with the experimental data (Supporting
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Figure 3. (a) Pre-edge spectrum of the as-prepared iron oxide NPs and the best model calculated using two Gaussian functions (using the Larch
package). (b) Comparison of the (normalized and background-corrected) pre-edge spectra (Fe K-edge) of 14 nm iron oxide NPs before and after
annealing. (c) Comparison of the Fourier transforms of the Fe K-edge EXAFS spectra of iron oxide NPs before and after annealing.
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Information Figure S3). This indicates that there is less
distortion inside the NPs compared to the bulk spinel structure
than the as-prepared sample. This further confirms that the
oxidized NPs tend to be single-phase y-Fe,Os.

In Figure 2b, the ratios of different components inside the
NPs are compared before and after annealing. The amount of
FeO is negligibly small even in the as-prepared sample. The as-
prepared particles are composed of an almost equal ratio of
Fe;0, and y-Fe,0;. However, after annealing, the amount of y-
Fe,0; significantly increased on the expense of the Fe;O,
phase.

In addition, the pre-edge features in the XANES spectra,
which are related to the 1s to 3d electronic transitions of iron,
provide valuable information about its oxidation state and the
local coordination environment. The pre-edge feature of Fe-
containing minerals are composed of two or more components
dependin§ on their oxidation state and the coordination
number.*"***73°~*! By analyzing the centroid position as well
as the integrated area, one can estimate the ratio of Fe’* to
Fe¥*.

The pre-edge feature of both the as-prepared and the
oxidized NPs can be fitted well with either two Gaussian or
two pseudo-Voigt (50:50) functions. The peak position as well
as the characteristics of different components obtained from
both Gaussian and pseudo-Voigt functions are similar. Figure
3a shows the pre-edge spectrum of the as-prepared NPs
compared with the best fit using two Gaussian functions. The
component showing a peak at the lower energy (~7114 eV)
arises from the mixture of Fe** and Fe®*. However, the peak at
about 7115 eV is not predicted in theory for the 1s to 3d
transition. This peak is assigned to the hybridization of the 4p
orbitals and oxygen. Therefore, the peak is excluded from
analysis when estimating the redox ratio of the Fe?* and Fe®*
mixtures. After background subtraction (including the baseline
and the broad peak at ~7115 eV), the shape of the normalized
pre-edge feature for both the as-prepared and the annealed
particles is similar to that reported for y-Fe,03°" as can be
seen in Figure 3b. However, the centroid of the peak shifts
toward higher energy upon annealing. To obtain a quantitative
analysis, the parameters extracted from the Gaussian fits are
listed in Table 1. The centroid position for the as-prepared

Table 1. Pre-Edge Characteristics of Iron Oxide NPs Fitted
Using a Gaussian Function

component
sample centroid (eV) area FWHM
as-prepared 7113.920(67) 0.0853(18) 1.744(21)
oxidized 7114.542(84) 0.0816(21) 1.737(26)

sample is found at 7113.920 eV, which is about 0.6 eV lower
compared to that of the annealed NPs. The difference between
the centroids for Fe** and Fe®* was reported to be 1.5
eV.*"~* Since both the as-prepared and annealed NPs are a
mixture of Fe>* and Fe®* with different ratios, the spectra are
an incoherent superposition of that of Fe** and Fe®" with
different ratios. Therefore, the difference in the centroid
position is smaller compared to the one between pure Fe** and
Fe¥*.

In previous publications,”*”~*' the Fe K-edge is calibrated
to 7111.08 eV. However, the Fe K-edge in this study is
calibrated to 7112 eV using a piece of Fe foil. Therefore, the
peak position obtained from this work is about 1 eV higher

than the results shown in refs 31, 39, 41. Comparing the peak
position and the integrated area of the component at lower
energy with the literature results, the composition of the as-
prepared NPs is estimated to be a mixture of 45% octahedrally
coordinated Fe*" and 55% Fe®" at both the octahedral and
tetrahedral sites. Assuming the particles are purely Fe;O,, the
Fe’" ratio is expected to be about 33%. However, the as-
prepared NPs contain more than 33% Fe?*. This means that
there is a considerable amount of FeO in the samples. This
result is in contradiction to the magnetometry and XANES
results. The reason for this contradiction is that for this
estimation, we assume that all Fe?* at the octahedral sites are
oxidized to octahedrally coordinated Fe®*, as expected in bulk.
However, at the nanometer scale, the coordination number is
often reduced due to missing neighbors at the surface. This is
confirmed by fitting the Fourier transformation of the EXAFS
spectra (Supporting Information Figures S6 and S7). The
coordination numbers obtained from the fittings are listed in
Table S2 (Supporting Information). Moreover, the crystal
structure might be distorted at the interface between different
phases. Considering the missing oxygen around both the Fe**
and Fe®" ions, the Fe’* content inside the NPs is estimated to
be 50—80% for the as-prepared sample. After annealing, the
Fe®" ratio is estimated to be about 95%. These results agree
with the values obtained from the linear combination.

Moreover, the bond lengths of Fe—O and Fe—Fe inside the
NPs are obtained by fitting the Fourier transforms of the
EXAFS spectra over a k-range of 2—12 A™' (Supporting
Information Figures S6 and S7). The Fe—O bond length is
found to be 1.953 + 0.005 A. For Fe®—Fe® and Fe®—Fe, the
bond lengths are 2.984 + 0.005 and 3.475 + 0.005 A,
respectively, for the as-prepared sample. These values match
the previously reported results for bulk y-Fe,O;."* However,
the coordination numbers are smaller compared to the
theoretical values (Supporting Information Table S2). This is
due to both the self-absorption and the finite size effect of the
NPs, where interaction partners are missing at the surface.
Compared to 1.5 ym size maghemite particles, which has a
fraction of ~1077 Fe at the surface, the Fe fraction at the
surface of 15 nm NPs becomes ~5—10%. Therefore, the
surface effect plays an important role on the properties in
nano-scaled systems. Moreover, the finite size effect is more
pronounced for the higher electron shells. Therefore, the
difference between the fitted value and the literature value is
greater for the higher shells. During oxidation, the Fe ions may
migrate toward the surface of the particles and bond with the
oxygen ions in air, as reported in the literature."* This
migration could result in slight improvements in the
crystallinity and size of the NPs. As can be seen in Figure
3¢, the bond lengths do not show any obvious change before
and after annealing. However, the coordination number of Fe—
O increases slightly upon annealing.

4. CONCLUSIONS

In this work, we demonstrate that hard X-ray absorption
spectroscopy combined with magnetometry is a powerful
technique to perform characterizations on the composition of
iron oxide NPs. ZFC/FC magnetization curves of the as-
prepared iron oxide NPs show characteristic features indicating
that the particles are a mixture of y-Fe,O5 with a small ratio of
Fe;0,. There is no clear indication of the existence of FeO.
However, due to the possible overlapping of the bulk Néel
temperature of FeO with the peak temperature of the NP
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system or the suppression of the bulk Néel temperature due to
the finite size effect, the existence of a small amount of FeO in
the samples cannot be excluded. These results are further
confirmed by the exchange bias effect found in the hysteresis
loop of the as-prepared samples measured at S K. However, it
is difficult to make an accurate estimation of the ratio of
different compositions inside the NPs from the magnetometry
results. Therefore, we performed hard X-ray absorption
spectroscopy measurements at the Fe K-edge. By fitting the
XANES spectra of the NPs using a linear combination of FeO,
Fe;0,, and y-Fe,0; references, we obtain a composition of 2.5
+ 5% FeO, 44.9 + 5% Fe;0,, and 52.6 + 5% y-Fe, O in the as-
prepared sample. Upon thermal annealing, a significant amount
of Fe;0, is oxygenated to y-Fe,0; (44.9 to 83.9%). These
results are further confirmed by analyzing the pre-edge spectra.
The behavior of the pre-edge feature for both the as-prepared
and the annealed NPs is comparable to literature results on -
Fe,0;. Comparing their peak position and integrated intensity
with the literature values, the Fe3* ratio inside the particles is
estimated to be 50—80% for the as-prepared NPs and 95% for
the annealed NPs. These results agree with the values obtained
from the linear combination of the XANES spectra.
Furthermore, the Fe—O and Fe—Fe bond lengths obtained
from the Fourier transform of the EXAFS spectra agree with
the theoretical values. An increase in the coordination number
is observed after the annealing procedure. These results
provide valuable information for understanding the relation-
ship between the structural composition of iron oxide NPs and
their magnetic properties.
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