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Iron oxide nanoparticles (NPs) are used in a broad range of applications and offer the possibility of fine tuning
their properties by forming hybrid core-shell structures. Scanning transmission electron microscopy (STEM)
combined with electron energy loss spectroscopy (EELS) is frequently used to study such NPs at the local scale.
Specifically, the energy loss near edge structure (ELNES) provides rich information on the local chemistry. Here,
the dependence between the ELNES signal of the oxygen K edge and the incorporation of cobalt and nickel into

the shell of magnetite NPs is investigated quantitatively using an intensity ratio between specific energy windows
of the O-K edge. The analysis shows that both the local and global cobalt and nickel content of a NP influence this
relationship. In addition, the overlap between the Fe-L; and Ni-L, 3 edges is studied, the impact of a supporting
film on the ELNES analysis is discussed, and the importance of a clean sample preparation is demonstrated.

1. Introduction

Iron oxide nanoparticles (NPs) are of interest for a wide range of
applications due to their controllable magnetic and electronic proper-
ties, high biocompatibility, facile synthesis, and high natural abundance
(Tartaj et al., 2011; Wallyn et al., 2019; Ajinkya et al., 2020; Bustamante
Torres et al., 2022). They are also frequently applied as host NPs to form
hybrid core-shell structures with the aim of tailoring magnetic proper-
ties or for catalytic purposes (Lima et al., 2012; Lopez-Ortega et al.,
2012,2015; Estrader et al., 2015; Sartori et al., 2020; Royer et al., 2022;
Nunez et al., 2022; Makarchuk et al., 2025). These works have shown
that minute changes in shape or local composition can have strong ef-
fects on the macroscopic properties of NPs, requiring the detailed
analysis of the structure and composition at high spatial resolution.

Transmission electron microscopy (TEM) and scanning (S)TEM in
combination with electron energy-loss spectroscopy (EELS) can provide
this information and have been frequently used in recent studies to
analyze iron-oxide-based NPs (Turner et al., 2011; Lin et al., 2025;
Gavrilov-Isaac et al., 2015; Sartori et al., 2021; Royer et al., 2023;
Makarchuk et al., 2025). STEM-EELS, where the electron beam is
scanned over the sample and an EEL spectrum is acquired at each beam

* This work is dedicated to the memory of Misa Hayashida.

position, has gained importance compared to energy-filtered TEM
(EFTEM) since aberration correctors have been developed. EELS not
only gives access to the local composition, but the analysis of the shape
and intensity distribution of the ionization edge structure, called energy
loss near edge structure (ELNES), provides additional information on the
local valence state and chemical environment. Many studies have been
published on ELNES analysis of iron oxides focusing on the relationship
between the valence of iron on one side and the shape and intensity
distribution of the Fe-Ly 3 and O-K edges on the other side (Garvie and
Buseck, 1998; van Aken et al., 1998; Mitterbauer et al., 2003; Chen
et al., 2009; Tan et al., 2012). Similar studies exist for cobalt and nickel
oxides (Potapov et al., 2001; Barreca et al., 2010). This ELNES infor-
mation has been used to probe the local oxidation state in iron oxide and
related NPs (Turner et al., 2011; Knappett et al., 2013; Lin et al., 2025;
Torruella et al., 2016; Lopez-Ortega et al., 2017; Gavrilov-Isaac et al.,
2015; Roldan et al., 2021). Great effort has been put into the develop-
ment of advanced data analysis techniques for STEM-EELS datasets to
deal, among others, with experimental noise caused by beam damage
limitations in small NP structures (Yedra et al., 2014; Blanco-Portals
et al., 2021; Pate et al., 2025).

In this paper, the detailed STEM-EELS and ELNES analysis of a series
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of NPs based on magnetite iron oxide decorated with varying amounts of
cobalt and nickel at their surface is presented. The impact of the overlap
between the minor Fe-L; edge and the Ni-L, 3 edge on the quantification
procedure is demonstrated and corrected, revealing that the NP exhibits
an incomplete coverage. The importance of sample preparation and
cleaning as well as the influence of the support film is discussed. The
analysis of the quantitative relationship between the cobalt / nickel
content and the shape and intensity distribution of the O-K edge shows
that the O-K ELNES signal is influenced by both the global and the local
composition of the NP.

2. Materials and methods
2.1. Studied samples and their preparation

Table 1 lists the information and the naming convention of the five
samples Core, CS Co, CS Ni, CS Co2 and CS Co+Ni analyzed in this work.
The synthesis of the Core and cobalt-containing samples is described
elsewhere (Baaziz et al., 2014; Sartori et al., 2020,2021; Royer et al.,
2022,2023; Makarchuk et al., 2025). The nickel-containing NPs were
prepared in a similar way, which will be presented in detail in a separate
article.

All NPs were dispersed in ethanol and drop-casted on standard holey-
carbon TEM grids for STEM analysis. The Core NP sample was treated
with a 14 s Ar+0; plasma cleaning step, all other samples were cleaned
from ligands using activated carbon and ethanol as described in (Li et al.,
2021).

2.2. Data acquisition

All data for this work were acquired using a probe-corrected Titan
low-base (Thermo Fisher Scientific) equipped with high-brightness field
emission gun (X-FEG), a monochromator and with a Gatan Imaging
Filter (GIF) Tridiem 865 for EELS. High-angle annular dark-field
(HAADF) STEM images were acquired at 300 kV with a convergence
angle of 25 mrad and a collection angle of 48 mrad. EELS data were
acquired without excitation of the monochromator and with a conver-
gence angle o of 25 mrad and collection angles  above 52 mrad as noted
in Table 1. With the exception of the CS Co2 sample (300 kV), the gun
was operated at 80 kV for the EELS acquisitions to decrease knock-on
damage, to improve energy resolution, and because the cross sections
of inelastic scattering increase. The beam current density was not
measured, but the microscope was operated with the same illumination
settings for all analyses (spot size 9, monochromator focus of ~ 15). The
estimated probe size for these conditions is approximately 0.2 nm and
the pixel step sizes were 0.2nm (Core)), 0.5nm (CS Co2) and 0.4 nm
(remaining samples). The dwell times of the pixels were 0.3s (CS Co)
and 0.1 s (remaining samples).

The GIF EEL spectrometer was tuned prior to each session at the
microscope and EELS spectrum images (SIs) were acquired using Dig-
iscan (Digital Micrograph, Gatan) with drift-correction. The energy
dispersion was set to 0.2eV per channel for the Core and cobalt-
containing NPs, as it allows to encompass the O-K (532eV), Fe-L

Table 1
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(708eV) and Co-L (779eV) ionization edges. The dispersion was
increased to 0.3 eV per channel for the nickel-containing NPs to addi-
tionally record the Ni-L (855 eV) edge. The energy resolution (full width
at half maximum of the zero-loss peak) was approximately 0.7 eV at
80keV and 0.9 eV at 300 keV.

2.3. Data analysis

Data analysis was performed using a custom software (Hettler, 2024)
and scripts based on Matlab (The Mathworks). The workflow for EELS
data analysis consisted in an initial energy calibration (offset and
dispersion) using the sum spectrum of each SI by setting the O-K
pre-peak and Fe-L3 peak positions to 532 eV and 710 eV, respectively.
This calibration ensures comparability between the different samples.
The dispersion after calibration was approximately 0.19 eV and 0.27 eV
per channel for the two used hardware settings (0.2 and 0.3 eV per
channel). A power-law background (BG) function was fitted to a specific
energy window for each element and quantification was done by inte-
grating the intensity in the BG-subtracted spectra in a window with a
width of 30 eV. The positions of both windows are given in Table 2.

In addition to the 30 eV windows for compositional quantification,
two smaller windows were set for the O-K edge to obtain ELNES infor-
mation as described below. The windows with 3 eV width were placed
around the O-K pre-peak and the following valley and the respective
window positions are noted in Table 2 and are marked in Fig. 4f. In
addition to the integration of energy windows, a single Gaussian func-
tion was fitted to the BG-subtracted Fe-L3 peak (fit window from 707 to
713eV).

All these analyses were performed on both raw and denoised data-
sets. For denoising, a principal-component analysis (PCA) was per-
formed on each dataset and the number of components was set to a
relatively large value (12). This large value was chosen as compromise
between denoising and still having an accurate reproduction of the
spectra on the single-pixel level, in close resemblance to the raw data.
Although this large number leads to a small amount of noise, the overall
noise is still considerably reduced compared to the raw data. The impact
of PCA on the composition analysis and an exemplary comparison of raw
and PCA-denoised spectra is shown in the supplementary material
(Supp. Mat.), Section S1. Non-negative matrix factorization (NNMF) was
tested and can give a good impression of the different phases, compo-
sitions, and linked spectral fingerprints present in the sample. However,
it was discarded as it does not reproduce well the spectra on a single-

Table 2
Table with energy ranges for BG and quantification windows.

Edge BG window / eV Qu. window / eV
O-K 505-528 530-560

O-K pre-peak 530.4-533.4

O-K valley 533.4-536.4
Fe-Ly 3 670-703 705-735

Co-Ly3 750-772 773-803

Ni-La 3 808-830 845-875

List of investigated samples with designated name throughout this manuscript, literature references with details about synthesis and properties, cleaning methods as
described in the text and acquisition conditions (high voltage (HV) and collection angle ). Convergence angle a was 25 mrad. The size (diameter) of the investigated
NP, the average composition determined from the EELS-SI and the resulting § of an assumed M304_ s structure with M=Fe,Co,Ni is given. Composition quantification of
CS Ni and CS Co+Ni NPs was done considering the correction discussed in section 3.2.

HV p Size Composition [at%]
Name Ref. Cleaning kv mrad nm (0] Fe Co Ni 8
Core (Sartori et al., 2021) 1450, plasma 80 119 10 52.4 47.6 - - 0.70
CS Co (Royer et al., 2022,2023) C+Eth 80 68 13 54.7 42 3.3 - 0.38
CS Ni - C+Eth 80 87 13 53.6 42.3 - 4.1 0.53
CS Co2 (Makarchuk et al., 2025) C+Eth 300 52 17 56 35.7 8.3 - 0.18
CS Co+Ni C+Eth 80 87 13 53.4 37.9 4.9 3.8 0.56
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pixel basis needed for the quantitative ELNES analysis performed for this
work. The results presented in the following were obtained from the
PCA-denoised data.

The integration of intensity in the different edges for each point in
the SI allows to generate intensity maps, which show the spatial distri-
bution of the respective element within the SI. To generate a chemical
map, the intensity maps of each element are rescaled to the interval
[0,1] and a color is assigned to each element. The sum of the intensity
maps then forms a RGB color image. In this work, the red color is
assigned to oxygen, green to iron and blue to cobalt. Nickel is blue in CS
Ni (total number of three elements) and yellow in the CS Co+Ni (total
number of four elements). The chemical map only gives a qualitative
description of the elemental distribution, showing where each element
reaches its maximum (minimum) intensity. For a quantitative compar-
ison in at%, the intensity is normalized by calculated theoretical cross
sections ¢ (General oscillator strength (GOS)) (Egerton, 2011). As the
collection angle g is at least more than two times larger than the
convergence angle a for each dataset (Table 1), a correction for the
incident beam convergence is not considered for the calculation of ¢ (see
chapter 4.5.3 in (Egerton, 2011)).

3. Results and discussion
3.1. Overview of studied nanoparticles

An overview of the investigated NP systems is given in Figs. 1 and 2.
Fig. 1 shows five exemplary HAADF-STEM images and the correspond-
ing fast Fourier transforms (FFTs). The diameter of the investigated NPs
is 10 nm for the Core, 13 nm for the CS Co,CS Ni and CS Co+Ni and 17 nm
for the CS Co2 NPs (Table 1). The images and FFTs reveal the excellent
crystallinity of the NPs. All found reflections agree well with a magnetite
spinel structure. A list of the major reflections found in the images and
the identification of corresponding crystal planes is given in Section S2
of the Supp. Mat. Of interest is the appearance of weak kinematically
forbidden [110] and [210] reflections for the CS Co2 sample (marked by
orange circles in the power spectrum of Fig. 1d), indicating that
dynamical diffraction already occurs despite a thickness of below 20 nm.
The relevant parameter for EELS is however the inelastic mean free path
Aimrp, which is larger than 100 nm for iron or iron oxide (Egerton, 2011).
The NP diameter thus corresponds to less than 20 % of the A;rp and
single inelastic scattering can be assumed.

From these images it is also seen that, with exception of the CS Co2
sample, the NPs all exhibit a single phase and give no insight on a
possible incorporation of Co or Ni in the magnetite matrix. Firstly, this is
caused by the highly similar crystal structures of magnetite iron oxide
and the corresponding ferrites. The lattice parameter of spinel nickel
(NiFe304) (Wyckoff, 1931) and cobalt (CoFe304) (Ferreira et al., 2003)
ferrites differs by less than 1 % from magnetite iron oxide and the dif-
ference is less than 2 % for CooFeOy4 (Ferreira et al., 2003), which makes
a differentiation through EM imaging highly challenging. Secondly, the
detection by contrast in the HAADF-STEM signal, which depends on the
atomic number Z by approximately 77 is hindered by the small
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difference in atomic number between iron, cobalt and nickel, the rela-
tively small amount of incorporated cobalt and nickel, as well as the
non-homogeneous thickness across the spherical or slightly faceted NPs.
Even in the case of the CS Co2 NP (Fig. 1d), where two distinct phases
with largely different composition are frequently found within a single
NP, the HAADF-STEM image does not allow to deduce a chemical or
structural difference between the two phases.

Despite showing largely different magnetic and catalytic properties
(Sartori et al., 2021; Royer et al., 2022,2023; Makarchuk et al., 2025),
HAADF-STEM imaging thus does not suffice to reveal the underlying
differences in structure and composition and requires analytical tech-
niques. Fig. 2a shows the sum spectra of EELS-SIs taken from NPs from
each of the five samples. With exception of the CS Co2 sample, the NPs
investigated by EELS are different to the ones imaged in Fig. 1. Each of
the sum spectra shows strong O-K and Fe-Ly 3 edges with only minor
differences in the shape of these edges. The Co-Ly3 is found in the
cobalt-containing NPs with varying intensity and a Ni-L; 3 edge is seen in
the CS Ni and CS Co+Ni samples. The Ni-Ly 3 edge overlaps with the
minor Fe-L; edge located at 846 eV, which is discussed in the following
section.

The spectra shown in Fig. 2 have been normalized with respect to the
intensity in the Fe-Lg peak and a vertical offset has been added to
improve visibility. The different slopes observed in the edge-free regions
are mainly caused by the intensity in the C-K edge at 285 eV, which
varies with the amount of sample support present within the EELS SI. For
samples Core, CS Co and CS Ni, a NP suspended at the edge of a sup-
porting film was selected for the EELS SI acquisition. In contrast, the
selected CS Co2 and CS Co+Ni NPs are suspended on the amorphous
carbon (aC) film and a stronger background is present in the EEL spectra.
The survey DF-STEM images of all samples are shown in Section S3 in
the Supp. Mat.

The sum EEL spectra can be used to calculate the average composi-
tion of the investigated NPs. An oxygen content between 52 and 56 at%
is found, leaving 48-44 at% for the metals (Table 1). Nickel and cobalt
concentrations are below 5 at% for CS Co and CS Ni and below 10 at%
for CS Co2 and CS Co+Ni. From the determined composition, the § in an
assumed M304_5 (M=Fe,Co,Ni) stoichiometry is calculated (Table 1)
and varies between 0.7 (Core) and 0.18 (CS Co2). These differences can
be attributed to different effects. Firstly, for the Core sample, the high
value of 5, which signifies a depletion of oxygen, is caused by the
observed reduction of the NP at the surface (see section 3.3). A second
possible influence is the amount of incorporated cobalt and nickel,
which has an effect on the amount of oxygen in the iron oxide core (see
section 3.4). Thirdly, the different high voltage (300 keV) used for the
analysis of the CS Co2 could also lead to differences in the
quantification.

Fig. 2b-f shows the chemical maps of the EELS SI for the five studied
samples. A spatially homogeneous composition is found for the Core
sample, while a pronounced core-shell structure is observed for CS Co,
CS Ni and CS Co+Ni samples with cobalt and nickel present predomi-
nantly or almost exclusively in a very narrow shell region. In case of the
CS Co2 NP, an increased cobalt content is found in the nano-grain seen in

Fig. 1. HAADF STEM images of the investigated NP samples (a) pure magnetite (Core), (b) magnetite core with cobalt-rich shell (CS Co), (c) magnetite core with
nickel-rich shell (CS Ni), (d) magnetite core with cobalt-rich islands (CS Co2) and (e) magnetite core with cobalt- and nickel-rich shell (CS Co+Ni). With exception of
(d) CS Co2, these imaged NPs have not been used for the ELNES analysis below. Scale bars are (a) 2 nm and (b-e) 3 nm and FFTs have a width of 10.4 nm L.
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Fig. 2. (a) Sum spectra of the SIs for the 5 investigated samples with O-K, Fe-L, Co-L and Ni-L edges indicated. (b-f) Chemical maps of the (b) Core, (c) CS Co, (d) CS
Ni, (e) CS Co2 and (f) CS Co+Ni samples with the color assignation to elements as indicated. The composition correction discussed in section 3.2 has been considered

for the shown chemical maps in (d,f). Scale bars are 2 nm.

the HAADF-STEM image (Fig. 1d), which adopts a CojsFej 504
composition (Makarchuk et al., 2025).

3.2. Composition analysis

The quantification of the composition from the EELS data is
straightforward for the samples with iron and cobalt presence only.
However, the Ni-Ly 3 edge overlaps with the Fe-L; edge as visible from
the sum spectra (Fig. 2a) and better seen from selected BG-subtracted
spectra of the CS Ni NP (Fig. 3b). Fig. 3b shows a comparison of two
BG-subtracted spectra taken from the core and shell region of the CS Ni
NP as marked in Fig. 3e. The Fe-L; onset is found at 835 eV and the
intensity in the edge, considering the energy window between approx-
imately 835-845 eV, is increased in the core region (dashed line) with
respect to the shell region (solid line). This is expected from the higher
amount of Fe in the thicker core region of the NP. Stronger Ni-L, 3 lines
are found on top of the weak Fe-L; edge in the shell region, while they
are absent in the core region, indicating a mere nickel presence in the
shell. Although the Fe-L; edge is categorized as minor edge with reduced
intensity, the strong presence of iron compared to nickel in the analyzed
NPs causes a non-negligible contribution when quantifying the intensity
in the Ni-Ly 3 edge. To remove the contribution of the Fe-L; edge to the
Ni-Ly 3 edge, the intensity ratio between Fe-L, 3 and Fe-L; was deter-
mined using experimental EEL spectra obtained from similar NP samples
without nickel. Therefore, the intensities in the BG-subtracted Fe-Ly 3 (I
(Fe—Ly 3)) and Fe-L; edges (I(Fe—L1)) were integrated, selecting the BG
and quantification windows used for the Ni-Ly3 edge (Table 2) to
calculate I(Fe—L1). The ratio I(Fe—Ly3)/I(Fe—L;) was determined to

1:0.04 £0.01 and the corrected intensity in the Ni-Lp3 edge
Icor(Ni—Ly 3) was calculated from

Ior(Ni— Ly3) = I(Ni—Ly3) — 0.04-I(Fe — Ly 3) (€D)]

for each pixel (spectrum) of the EELS-SI. The impact is shown for a
composition profile taken across the NP in Fig. 3¢ and for the chemical
maps in Fig. 3d-f. While the change in oxygen and iron composition is
relatively small, the nickel content in the core region is reduced to 0 at
%. Considering the average nickel content in the entire NP, it decreases
considerably from 6.4 at% to 3.8 at%.

This NP is an excellent example to illustrate the importance of the
correction. The corrected nickel intensity map (Fig. 3f) shows that, in
this projection, nickel is exclusively found at the surface of the NP and is
absent in the core region. This implies that the shell of this NP is
asymmetrical, adopting a torus-like shape as it is only covering the
lateral sides of the NP in this particular orientation and leaving the top
and bottom surfaces of the NP uncovered, at least partially. However,
without the correction, a false nickel content is found in the core region
as seen from both intensity map (Fig. 3e) and the composition line scan
(Fig. 3c), which could lead to the erroneous assumption of a homoge-
neous shell. A possible reason for the asymmetrical coverage could be
the preferential growth of the shell on specific facets of the NP. The
faceted shape of the CS Ni NPs is clearly seen in the HAADF-STEM image
in Fig. lc.

The same correction procedure was performed for the CS Co+Ni
sample and the results are shown in Section S4, Supp. Mat. The analysis
of both nickel-containing NPs clearly emphasizes the importance of
considering the overlap between Fe-L; and Ni-Lp3 edge when
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Fig. 3. Composition correction due to overlap between Fe-L; and Ni-L; 3 edges. (a) Survey DF-STEM image of the investigated NP located at the edge of the film with
the area for the EELS-SI acquisition marked. (b) Comparison of BG-subtracted Ni-L, 3 edge taken from Ni-rich shell and core of the NP as marked in (e). (c)
Composition profile across the NP as indicated in (f). Dashed lines correspond to the correction due to the edge overlap. (d) Iron and oxygen intensity maps. (e,f)
Nickel intensity and chemical map (e) uncorrected and (f) corrected for edge overlap. Scale bars are (a) 9 nm and (d-f) 2 nm.

quantifying samples with high iron and low nickel content.

3.3. Reduction of magnetite Core NP

Fig. 4 shows the ELNES analysis of the Core sample, focusing on both
O-K and Fe-L; 3 edges. When looking at the chemical map of the Core NP
(Fig. 4b), the NP seems to exhibit a fully homogeneous structure. Indeed,
the composition profile taken across the NP (Fig. 4e) indicates a constant
composition with only a barely detectable decrease by less than 1 at% in
oxygen content at the surface of the NP. However, the comparison of the
BG-subtracted and normalized O-K and Fe-Lj 3 edges taken from core
and shell regions (Fig. 4f,g) reveals noticeable changes in the ELNES of
both edges.

The spectra taken from the central region agree well with a magne-
tite iron oxide reference (Gloter et al., 2004; Chen et al., 2009; Ewels
et al., 2016), for which the O-K edge exhibits a sharp pre-peak, which
was centered at 532 eV for energy axis calibration, followed by a valley
at 534.5 eV and a broader peak. The Fe-L 3 edge exhibits a sharp and
intense Lg-peak centered at 708 eV (calibrated value) followed by a

smaller and broader Lp-peak. The difference in intensity in the Ly peak to
the reference can be attributed to the different employed BG-subtraction
procedures (Chen et al., 2009). The Lg peak position is directly related to
the iron oxidation state in iron oxides and shifts to higher energies with
increasing oxidation state (Garvie and Buseck, 1998). As magnetite iron
oxide exhibits a mixture of Fe?* and Fe3" ions, the observed shift to
lower energies at the NP surface compared to the center (Fig. 4e) in-
dicates an increase in the Fe?" species and thus a reduction at the sur-
face. The partial reduction is as well reflected by the relatively low
overall oxygen content (52.4 at%, Table 1) and the considerable devi-
ation from a FesO4 stoichiometry. Fig. 4f shows that the O-K edge
spectrum at the surface shows a strong increase in intensity of the valley
at 534.5 eV and in the range of higher energies in comparison to the
spectrum taken from the core region.

These two ELNES features, the shift of the Fe-Ly peak and the
redistribution of intensity in the O-K edge, indicate the surface reduction
of the NP and can be used to visualize the spatial distribution of this
reduction. Firstly, a map showing the Fe-Lg peak position obtained from
the fitting procedure (Fig. 4c) indicates a thin shell for which the peak is
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Fig. 4. ELNES analysis of the Core NP. (a) Survey image with EELS SI acquisition area marked. Scale bar is 6 nm. (b) Oxygen and iron intensity maps together with
chemical map. Scale bar is 2 nm. (c,d) Maps of Fe-L3 position and O-K ratio. Areas with minimum intensity in the Fe-L3 and O-K edges have been set to the minimum
value, respectively. () Composition line profile across the NP as indicated in the chemical map (b). (f,g) Comparison of (f) O-K and (g) Fe-L, 5 edges taken from NP
surface and NP center (marked by white frames in (b) with a magnetite reference spectrum. The spectra have been normalized with respect to the intensity in the
peaks at 532 eV and 710 eV, respectively. (h) Line profile of Fe-Ls position and O-K ratio.

shifted. Secondly, the intensity ratio between pre-peak and following
valley in the O-K edge (designated as O-K ratio in the following) is
calculated with the values of the energy ranges given in Table 1 and
visualized by vertical red lines in Fig. 4f. In the corresponding map
(Fig. 4d), a similar distribution is seen, with a slightly larger thickness of
the shell. The plot of both O-K ratio and Fe-Lg peak position taken from a
line profile across the NP (Fig. 4h, marked in 4b) shows that both fea-
tures are linked to each other.

Magnetite iron oxide NPs are stable at ambient conditions and a
surface reduction does not occur upon contact with air or during O,
plasma cleaning, suggesting that the observed surface reduction is
caused by electron beam damage. As such a reduction has not been
observed in similar studies of samples after incorporation of a ligand
cleaning method (Li et al., 2021), the reduction process is believed to be
linked to or at least favored by a chemical reaction with remaining
surfactants and organic residues on the NP surface that have not been
fully removed by the plasma cleaning process. A possible reaction
mechanism could be the breakage of hydrocarbon bonds in the surfac-
tant molecules by radiolysis. This leads to atoms with dangling bonds,
which could then react with the oxygen atoms of the magnetite NP. This
process adds to the direct reduction of the iron oxide NPs by knock-on
damage, leading to the observed increased damage compared to NPs
without surface ligands present. These results stress the importance of
clean sample preparation. All other NP samples have been cleaned using
the method described in (Li et al., 2021) (see Table 1) and a similar
reduction could not be observed for these samples.

3.4. O-K edge ELNES with incorporated cobalt and nickel

Fig. 5 shows the ELNES analysis of the CS Co NP. The composition
analysis revealed a very thin shell with maximum cobalt contents of
10-15 at% at the very edge of the NP (Fig. 5b) (Royer et al., 2023). Due
to the low content and the small thickness at the very edge, there is little
intensity in the Co-Ly3 edge and it is challenging to reveal smaller

differences of the cobalt content within the NP, making an alternative
means of detection desirable. Fig. 5d shows a comparison of the Co-Ly 3
spectrum for the core (dashed line) and shell (solid) regions, which have
been marked in Fig. 5b. The increase in intensity in the shell region is
clearly seen, which agrees with the core-shell structure. Fig. 5e depicts
the corresponding normalized O-K edge spectra in comparison with the
magnetite reference (orange dotted line) and a spectrum taken from a
Co-rich grain of the CS Co2 NP (blue dotted line). The comparison re-
veals that the intensity in the valley following the pre-peak increases
with the amount of cobalt incorporated in the magnetite NP: It shows a
smaller increase in the CS Co core region (2 at%), which is more pro-
nounced in the shell region (7.8 at%) and strongly increased for the CS
Co2 shell (23.1 at%). As no detectable change can be observed in the
Fe-Ly 3 edge of the CS Co NP that could indicate a significant reduction
(Fig. 5f), the modification of the O-K edge is attributed to the presence of
cobalt.

The observed trend in the O-K edge signifies that the O-K ratio as
described in the previous section is sensitive to the cobalt content in the
magnetite NP. Indeed, when creating a map of the O-K ratio for the CS
Co NP (Fig. 5c¢), it clearly correlates with the Co distribution and con-
firms the core-shell structure of the NP. Furthermore, it highlights that
the upper part of the NP contains a larger region with increased cobalt
content, which is hard to see in the chemical map in Fig. 5b. The cor-
relation between cobalt content and O-K ratio is also seen in a line
profile taken across the NP as shown in Fig. 5g and marked in Fig. 5b.
The small increase of cobalt content at the shell translates in a clear drop
of the O-K ratio. The quantitative relationship will be discussed in more
detail below.

A similar analysis performed on the nickel-containing CS Ni NP is
shown in Fig. 6a-c. The selected regions of core and shell spectra
(Fig. 6a,b) and the position of the line profile (Fig. 6¢) are marked in
Fig. 3. Again, the intensity in the valley of the O-K pre-peak increases in
the shell region (solid black line in Fig. 6a, 12 at% nickel), when
compared with the core region (dashed, only 0.4 at%), which exhibits a
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Fig. 5. Analysis of the CS Co NP. (a) Survey DF-STEM image with area for EELS SI marked. (b) Cobalt intensity map with areas for core and shell regions and
chemical map with position of line profile shown in (g). (c) O-K ratio map. (d-f) Comparison of core (dashed black line, cobalt content 2 at%) and shell (solid black,
7.8 at%) regions of the CS Co NP for (d) the Co-Ly 3, (e) the O-K and (f) the Fe-L, 5 edges. A magnetite reference spectrum and a spectrum taken from the cobalt-rich
shell (23.1 at%) of the CS Co2 NP have been added to the O-K spectra shown in (e). The O-K and Fe-L; 3 spectra have been normalized with respect to the intensity in
the peaks at 532 eV and 710 eV, respectively. (g) Line profile across the NP comparing compostion with O-K ratio (purple line). Scale bars are (a) 10 nm and (b,

¢) 2 nm.

strongly reduced nickel content. Notably, the core region exhibits an
already strongly increased intensity when compared to a magnetite
reference spectrum (orange dotted line), despite the negligible nickel
content. The Fe-Lj 3 peak shows no detectable shift between core and
shell regions (Fig. 6b). The line profile showing composition and O-K
ratio (Fig. 6¢) reveals that the relationship between nickel content and
O-K ratio follows the same trend, that is a decreasing O-K ratio with
increasing nickel content, which is however less pronounced when
compared to cobalt incorporation (Fig. 5g).

Fig. 6d-f shows the same analysis performed on the CS Co+Ni NP (see
chemical maps in Fig. 2f and Section S4, Supp. Mat.) and confirms the
observations of both CS Co and CS Ni samples: The O-K ratio drops with
increasing cobalt and nickel content (Fig. 6d+f), while the Fe-L, 3 edge
shows only a minimum change. This NP, which was fully suspended on a
supporting carbon film, serves to show the respective impact on the
EELS analysis. Therefore, an O-K spectrum was obtained from a sub-
strate region without NP and subtracted from the O-K spectra before

integration (Section S5, Supp. Mat.). Fig. 6f compares the line profiles of
composition and O-K ratio obtained with (dashed lines) and without
(solid lines) correction of the substrate contribution. The correction
leads to a reduction of the oxygen content by less than 2 % at the NP
surface and less than 0.5 % in the core region. The total metal compo-
sition is increased by the same amount and the O-K ratio is shifted by an
almost constant offset. The small change can be neglected for qualitative
analyses but the contribution of the supporting substrate needs to be
considered when doing precise measurements or ELNES analyses and
NPs located at the edge of the supporting film should be preferred.

3.5. Toward an absolute quantitative relationship between O-K ratio and
cobalt / nickel content

The conducted analyses show that for each of the NPs, the O-K ratio
decreases with a local increase in the cobalt and/or nickel content. The
data from the different NPs can be used to obtain a quantitative
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Fig. 6. Analysis of the (a-c) CS Ni and (d-f) CS Co+Ni NPs showing a comparison of the (a,d) O-K and (b,e) Fe-L; 3 edges from core and shell regions and a (c,f) a
comparison of composition and O-K ratio. A magnetite reference spectrum has been added to the O-K edge graph (a,d). The nickel content in the shell and core of the
CS Ni NP was 12 at% and 0.4 at%, respectively. The cobalt / nickel content of the CS Co+Ni NP was 3.3/1.4 at% in the shell and 7.8/8.2 at% in the core, respectively.
The dashed line in (f) represents data were the O-K background signal from the supporting aC film has been considered.

relationship between the O-K ratio and the cobalt / nickel content.
Fig. 7a and b show scatter plots of this relationship for the cobalt-
containing NPs (Fig. 7a) and the CS Ni NP (Fig. 7b). Two similar
EELS-SIs of additional NPs of the CS Co and CS Ni samples (not shown)
have been included in these scatter plots, where one plotted circle rep-
resents a single spectrum of the EELS-SIs. The color saturation has been
scaled with the overall intensity in the O-K edge of that pixel, thus giving
an indication for the noise. Data points with relative oxygen intensities
below 7 % of the maximum oxygen intensity in the EELS-SI have been
discarded. While strongly colored data points are clouded around a
rather narrow range and follow a trend, colorless points exhibit a larger
broadening.

Fig. 7a shows the relationship for the CS Co and CS Co2 NPs, which
cover two different ranges of cobalt contents. The data of the CS Co NP is
located mostly at contents below 5 at% due to the low incorporated
amounts. The CS Co2 NP shows two strong clouds, one located at low
contents caused by the small amount of cobalt incorporated in the core
of the NP and a second at contents between 20 and 25 at% originating
from the cobalt-rich nano-grains seen in these NPs. In between, the
density of points is reduced and considerably broadened due to a larger
number of weakly colored points stemming from the very edge of the NP
with low intensity in the O-K edge.
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The data of both NPs on their own follow a rather straight line, but a
clear difference is observed between both samples at low cobalt contents
with the O-K ratio being considerably larger for the CS Co NP. A small
part of this difference is explained by the aC film background present in
the CS Co2 NP, which can lead to a small decrease of the O-K ratio
(Fig. 6f). However, this contribution only amounts up to a maximum of
0.03, not enough to explain the full difference between CS Co and CS
Co2.

A possible explanation could be that the large overall cobalt content
caused by the presence of areas with high cobalt content at the surface of
the CS Co2 NP could have an impact on the ELNES signal of the iron
oxide core. Oxygen vacancies are a common point defect in magnetite
iron oxide and are known to diffuse. Due to the small size of the NPs, it is
highly probable that oxygen atoms can move to the cobalt- (or nickel-)
rich surface and lead to an oxygen depletion in the remaining iron oxide
core area due to a possible preferred bonding to cobalt (or nickel) ions.
Indeed, such a depletion of oxygen is observed in all the analyzed core-
shell NPs as observed from the composition line profiles (CS Co in
Fig. 5g, CS Niin Fig. 6¢ and CS Co+Ni in Fig. 6f). The depletion increases
with the amount of implemented cobalt and nickel, reaching more than
5 at% difference between core and shell in case of the CS Co+Ni NP
(Fig. 6f). This suggests that there is a higher density of oxygen vacancies
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Fig. 7. Quantitative comparison of cobalt and nickel content with the O-K ratio. (a) Scatter plot of cobalt content over O-K ratio for the CS Co (light blue) and CS Co2
(dark blue) samples. (b) Scatter plot of nickel content over O-K ratio for the CS Ni sample. Color saturation in (a,b) is scaled with the intensity in the O-K edge in the
respective pixel. (c) Plot of the O-K ratio over the combined cobalt and nickel content for the cobalt (blue) and nickel (yellow) containing NPs and the CS Co-+Ni NP
(orange hexagons). The range of cobalt contents, for which the data of the CS Co and CS Co2 samples was considered, is marked. Error bars for the CS Co+Ni NP have

been neglected for better visibility.
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in the core region, which increases with the amount of cobalt and nickel
incorporated in the shell. Although the exact chemical and atomistic
configuration is difficult to asses, it can be seen as an effective reduction
of the core. As seen in the analysis of the Core NP, the O-K ratio decreases
strongly upon reduction (Fig. 4), which could explain the lower O-K
ratio for the CS Co2 NP due to an effective reduction of the iron oxide in
the core region. A similar effect could be responsible for the shift to
lower O-K ratios in the CS Ni NP already for low nickel contents (Fig. 6a,
c and Fig. 7b), when compared to pure magnetite iron oxide. The rela-
tively large modification suggests that the effect is stronger for nickel.

The data have been combined to extract an average value for the O-K
ratio in dependence of the cobalt / nickel content, which is plotted in
Fig. 7c. It is clearly visible that the O-K ratio decreases with increasing
cobalt (blue crosses) and nickel (yellow diamonds) content. The stronger
dependence of the O-K ratio on the cobalt content compared to the
nickel content seen in the line profiles is confirmed. In addition, orange
hexagons represent the data from the CS Co+Ni NP. For the cobalt curve,
only the data of the CS Co NPs was considered for contents < 5 at%. The
error bars reflect the statistical variation of the O-K ratio for the given
cobalt / nickel content.

The observations indicate that the O-K ratio depends both on the
local and global composition of the NP, which hinders the establishment
of an absolute quantitative link between O-K ratio and cobalt / nickel
content in magnetite iron oxide. Nevertheless, the relative change of the
O-K ratio is a useful quantity to locally assess the presence of cobalt and
nickel within individual magnetite-based core-shell NPs. Further
experimental data with higher energy resolution, on an absolute energy
scale and ideally acquired with direct electron detectors to reduce the
noise are required to disentangle these dependencies.

4. Conclusion

The STEM-EELS and ELNES analysis performed in this work illus-
trates the potential of the technique to analyze composition and chem-
istry of core-shell NPs based on magnetite iron oxide with high spatial
resolution. While chemical maps give a good impression of the spatial
elemental distribution, more detailed analyses are required to illustrate
smaller compositional and chemical modifications within the NPs. The
importance of considering the overlap between the Fe-L; and Ni-Ly 3
edges has been demonstrated. A surface reduction of pure magnetite NPs
is observed for NPs that have not been fully cleaned of surface ligands.
An intensity ratio between two narrow energy windows within the O-K
edge was shown to be directly linked to the local cobalt / nickel content
in the analyzed NPs. This relationship can be used to visualize spatially-
varying chemical modifications within the NP. The analysis of the
quantitative relationship between this O-K ratio and the incorporated
amounts of cobalt / nickel suggests that it not only depends on the local
composition, but as well on the global amount of incorporated cobalt
and nickel.
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