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Investigation of magnetite-Co interactions: from
environmentally relevant trace Co levels to core-
shell Fe;0,@Co(OH), nanoparticles with magnetic
applicationst

Laura Fablet,?® Fadi Choueikani,” Mathieu Pédrot, 2 Margaux Kerdiles,?
Mathieu Pasturel® and Rémi Marsac @ *2¢

Magnetite (FezO4) nanoparticles (MNs) are largely known as strong sorbents for inorganic ions, such as
divalent transition metals (e.g., Co®*). Therefore, MNs play an important role in the behavior and fate of trace
contaminants and are commonly used in contaminated water-treatment technologies. In addition, the
surface modification of MNs using Co®* affects MNs magnetic properties, which leads to a broad range of
high-technology applications (e.g., catalysis, medicine, and electronics). However, the mechanisms involved
between fully stoichiometric magnetite (i.e., with Fe(i)/Fe() = 0.5) and transition metals in aqueous solutions
are still poorly understood. The adsorption of Co onto stoichiometric MNs (~10 nm sized) was studied at pH
8 under an inert atmosphere to ensure no evolution of the MNs' stoichiometry. The Co adsorption isotherm
was found to be non-linear over the 5 orders of magnitude in aqueous [Co] investigated. Adsorption
modeling, soft X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD) at the Co and Fe
L, 3-edges evidenced three types of surface species, which could be attributed to: (i) surface complexed or
incorporated Co?* with a ferrimagnetic behavior at low loadings, (i) magnetically-silent small Co polymers at
intermediate loadings, and (i) the precipitation of an antiferromagnetic Co(OH),-like phase onto the
magnetite surface at the highest Co concentrations. These results might not only help predicting the behavior
and fate of Co in the environment, but also to optimize the synthesis procedures of Co-modified MNs using
water as a solvent for high-technology applications.

In natural environments, magnetite nanoparticles are present in many types of soil. These iron oxide nanoparticles are known to affect the speciation of
contaminants and can be used for remediation purposes. However, the surface reactivity of stoichiometric magnetite toward metal ions such as Co*",
defined by a Fe(u)/Fe(m) = 0.5, has rarely been studied in the absence of oxygen that can oxidize its surface to maghemite. Adsorption isotherms, X-ray

absorption spectroscopy, and X-ray magnetic circular dichroism evidenced three different Co surface species, which modified the magnetic properties of
the nanoparticles. This work sheds light on the interaction mechanisms of magnetite and Co>" in aqueous media, which might aid predicting the
environmental fate of Co and provide some guidelines for the environmentally friendly synthesis of core-shell Fe;0,@Co(OH), nanoparticles for magnetic

applications.
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1. Introduction

Magnetite (Fe;0,) is one of the most abundant iron oxides in
the environment, occurring not only in soil and water but also
in some living organisms, such as bacteria and some
animals." Magnetite nanoparticles also attract particular
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medical, agricultural, etc.) due to their unique electronic and
structural properties.®”® Magnetite is a ferrimagnetic mineral
form of Fe oxide with the chemical composition formula

2 (1 3+ 2— . . . .
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ Fe (Fe )2(0 )4; and it has an inverse spinel structure with
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octahedral sites shared by Fe(u) and Fe(m) cations and
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tetrahedral sites occupied by Fe(m).>'*'* The occurrence of two
Fe oxidation states has major consequences on magnetite's
properties, notably its redox reactivity'>'® and magnetic
properties."*"® Combined with the small size, surface-to-
volume ratio,”'”"® and subsequent high sorption capacity for
ions and molecules, magnetite nanoparticles have been widely
investigated as contaminant scavengers in natural systems, for
water-treatment purposes,® as a support for catalysts," or as
drug carriers,® for instance. Both fields of environment and
electronics focus on the sorption of metal ions onto magnetite
nanoparticles. In particular, Co is a trace metal that can cause
many environmental and health problems,*** and its sorption
onto magnetite may (i) influence its transport, mobility, and
toxicity in natural waters and soils or (ii) be used for
remediation purposes.® Surface-bound Co may improve the
magnetic properties of magnetite nanoparticles, by decreasing
their magnetic anisotropy at ambient temperature, while
keeping a small size,**>® which is of great interest for
magneto-optic  devices, electronic  devices,”®  data
storage,**%" high-density recording,** or even for replacing
the rare earths contained in certain permanent magnets.”®*

According to the metal concentration and the synthesis
method, different metal ions sorption mechanisms onto
magnetite exist, such as incorporation,>®**’” surface
complexation,**** and surface precipitation.***° Interaction
mechanisms between Co and the nanomagnetite surface
must be elucidated in environmentally relevant conditions
(e.g., in water, at low temperature), which might help
deciphering the environmental fate of Co but also inspire the
environmentally friendly synthesis of Co bound to magnetite
particles. However, data are missing due to the experimental
challenges associated with the study of magnetite, and their
high sensitivity to oxidation and the incongruent dissolution
of Fe(n) in circumneutral pH conditions.""** By contrast with
studies focused on redox reactivity of magnetite,"*"*** little
effort has been made to preserve the full stoichiometry of
magnetite nanoparticles (i.e., Fe(u)/Fe(m) = 0.5) in Co-
magnetite adsorption studies.**™*” However, partial oxidation
or Fe(u)-depletion at the surface might drastically impact the
adsorption extent and surface Co binding mechanisms, as
recently evidenced for redox-inert organic molecules.*®*’

The present study investigated the sorption of Co onto
stoichiometric ~ magnetite = nanoparticles in  aqueous
suspensions, with the aims to (i) elucidate the mechanisms
involved at various Co concentrations (e.g., surface
complexation, oligomerization, precipitation) and (ii) relate the
Co surface speciation to its effects on the electronic and
magnetic properties of the nanoparticles. To do so, sorption
isotherm experiments were conducted at pH 8 under an inert
atmosphere and modeling was performed to support results.
This pH value was chosen in order to preserve the magnetite
stoichiometry, because the H*-promoted dissolution of Fe** can
occur at lower pH values.”™*? The samples were characterized
by X-ray absorption spectroscopy (XAS) and magnetic circular
dichroism (XMCD) at the Fe and Co L, j-edges. The results
provide important data for the prediction of Co's fate in

27,28
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environmental systems where magnetite occurs, as well as key
insights for the development of innovative procedures for the
environmentally friendly synthesis of magnetite-bound Co.

2. Materials and methods
2.1. Chemicals

All chemicals used were purchased from Sigma-Aldrich and
were of analytical grade or better. Sample solutions were
prepared with “MilliQ” ultrapure water (specific resistivity
18.2 MQ cm). All the experiments were performed in an
anaerobic chamber (N,-glovebox, JACOMEX, O, < 1 ppm)
and all the solutions were purged with Ny for at least 12 h
inside the glovebox before use. All the samples were also pH
adjusted by HCl and NaOH (no buffer was used). For MET
measurements,  hexadecyltrimethylammonium  bromide
(CTAB) was used as a surfactant.

2.2. Synthesis of stoichiometric magnetite nanoparticles

Stoichiometric magnetite (Fe;0,) was synthesized, at room
temperature, in a N,-glovebox (JACOMEX, O, < 1 ppm) by
the co-precipitation of iron salts.>® The synthesis method was
similar to that used by Demangeat et al (2018)"' and
Jungcharoen et al. (2021).*' First, FeCl, and FeCl; were
dissolved in HCI. Then, the two solutions were mixed to
obtain an iron solution with a molar ratio of Fe(u)/Fe(m) =
0.5. This solution was added into a NaOH solution leading to
an instantaneous precipitation of ~10 nm magnetite
nanoparticles. After synthesis, the solid phase was washed
using water at pH 8 and the stoichiometry of magnetite was
checked by spectrophotometric determination of the
dissolved [Fe(u)] and total [Fe] (i.e. [Fe(u)] + [Fe(u)]) by the 1-
10 phenanthroline colorimetric method.>*>?

2.3. Sorption experiments

All the samples were prepared in anaerobic conditions, under
the same conditions as for the magnetite synthesis. A 100
mM CoCl, stock solution was prepared. Samples consisted of
magnetite aqueous suspensions, for a total Fe concentration
of 6.5 mM (~0.5 g L' of magnetite), in 15 mL polypropylene
tubes, and total Co concentrations ([Col) ranging from 0.01
to 3 mM, in 10 mM NaCl solutions. The pH of all the
samples was adjusted to 8 by the addition of small volumes
of 0.1 M HCI or NaOH solutions. Once the pH was stabilized
after 7 days, a magnet was used to collect the solid fraction
of the samples. The supernatant was filtered with 0.2 pm
cellulose acetate filters (Sartorius Minisart).

Cobalt concentrations were determined using a UV-vis
spectrophotometric method, adapted from Zahir and
Keshtkar (1998).>**° It was based on the complexation of
Co>" by 1-nitroso-2-naphthol-3,6-disulfonic acid disodium salt
hydrate (nitroso-R salt). A 1% solution was prepared by
dissolving 1 g of the nitroso-R salt powder in 100 mL
ultrapure water. A volume of 500 uL of the nitroso-R solution
was added to the sample, with 1 mL of a 1 mol L™" acetate/

This journal is © The Royal Society of Chemistry 2023
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acetic acid pH-buffer solution (pH 4.1), as well as ultrapure
water to reach a total volume of 10 mL. The absorbance was
recorded at 520 nm with a Shimadzu UV2600
spectrophotometer. A cobalt calibration curve was
determined, with concentrations ranging from 5 to 100 uM,
for quantification of the aqueous Co concentration in the
filtered solutions ([Col,q). For the samples with [Colyg, a
quadrupole ICP-MS (Agilent Technologies 7700X) was used.
Before Co quantification, calibration curves were performed
and validated using certified material references (SLRS-6,
National Research Council). A rhodium solution was used as
an internal standard to correct the instrumental drift and
potential matrix effects. The limit of Co quantification was
determined at 18 pM (1.04 ppt) (AFNOR Certification).”®

The total amount of Co associated with the solid phase
was expressed in terms of the Co surface density onto
magnetite ([CoJs, in atom per nm?) and calculated as follows:

[Co], = ([co]tot - [Co}aq> X % X SSLA X Np x 1018 1)

where [C0]io¢ and [Co],q are given in mol L™, V is the sample
volume (L), m is the magnetite mass (g), SSA is the surface
specific area (m®> ¢™'), and N, is the Avogadro constant
(mol ™).

A Co hydroxide suspension was prepared from the 100
mM CoCl, stock solution, which was neutralized by adding
NaOH until precipitation, in a N, glovebox, at room
temperature. NaOH was added until the pH was stable at 10
and the solution was kept as is.

2.4. Characterization by TEM and XRD

Magnetite nanoparticles were characterized by transmission
electron microscopy (TEM; Jeol JEM 2100 HR microscope),
for three Co concentrations ([CoJ = 0.04, 0.8, and 3 mM). A
small volume of Co-magnetite was collected and a surfactant
(CTAB, 1 mM) was added in each sample to limit particle
aggregation, which was then diluted with ultrapure water (at
pH 8). Each sample was sonicated for 15 min. A droplet of
the diluted suspension was deposited on a Holey carbon film
300 mesh copper grid and dried inside the anaerobic
chamber. Samples were transported to the microscope in
hermetically sealed glass bottles, preserving them under a N,
atmosphere. The average particle diameter of the pristine
magnetite was found equal to 11.5 + 1.5, by measuring 100
particles.*!*?

Powder X-ray diffraction (XRD) was performed on a Bruker
D8 Advance diffractometer working with monochromatized
Cu Ko, radiation (4 = 0.15406 nm). The energy detection of
the LynxEye detector was settled in order to avoid the
fluorescence background from Fe- and Co atoms. The Co-
magnetite solid phases were separated from the solution
using a magnet and then deposited and dried on a
disoriented Si single-crystal holder in an anaerobic chamber.
The dried samples were covered by a drop of glycerol to limit
the oxidation of magnetite during the XRD analysis.

This journal is © The Royal Society of Chemistry 2023
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2.5. XAS and XMCD analyses

The solid samples were analyzed by XAS and XMCD, covering
the soft X-ray range and probing the L,; (2p — 3d)
absorption edges of Fe and Co transition metals. Thanks to
their chemical selectivity and valence state sensitivity, XAS
and XMCD give direct information on the electronic and
magnetic properties, allowing a better understanding of the
contribution of both Co and Fe cations in the structure and
the magnetic behavior of the nanoparticles.

XAS and XMCD spectra at Fe and Co L, ; edges were recorded
on the DEIMOS beamline at synchrotron SOLEIL.>” All
measurements were performed on dried nanoparticles. To do
this, colloidal suspensions were drop-casted on silicon plates
and dried at room temperature, in an Ar-glove box (JACOMEX,
0O,(g2) < 1 ppm) connected to the DEIMOS end-station. The
silicon plates were then fixed on a copper sample holder. This
one was introduced into the superconducting magnet as the
end-station. All the spectra were collected in total electron yield
(TEY) at 4 K and in UHV conditions (10™'° mbar). The XAS
spectra were recorded following the measurements protocol
detailed in previous works.***'*® The XAS spectra were collected
by flipping both the circular polarization of the X-rays right (o)
or left (o), and the external magnetic field (H = +6 or —6 Tesla).
Isotropic XAS spectra were plotted as (¢ + ¢ )/2, while the XMCD
results were plotted as (6" — ¢ ), where ¢" = [oy(H') + ox(H)]/2
and o = [oy(H) + or(H"))/2. XAS and XMCD were normalized by
dividing the raw signal by the edge jump of the isotropic XAS.
For the all the Co concentrations, the background of XAS and
XMCD at the Co L,; edges were corrected by subtracting from
the raw signal the XAS and XMCD results of the pure magnetite
(without cobalt) sample measured at the Co edges.

XMCD magnetization curves at specific sites of the Co and
Fe L; edges were plotted by collecting the XMCD intensity as a
function of the external magnetic field (from +6 to -6 T). At the
DEIMOS beamline, the fully circularly polarized X-rays were
provided by an Apple-II HU52 undulator for XAS and XMCD,
while EMPHUG65 with a polarization flipping rate of 10 Hz was
used to record the magnetization curves. The beam size was 800
x 800 um? and the photon energy resolution was 100 meV.

2.6. Chemical speciation modeling

Aqueous chemical speciation calculations were performed
using the geochemical code PHREEQC (version 2 (ref. 59))
and the Minteq.v4 database, which accounts for the relevant
complexation reaction for Co** with ClI” on OH”, and can
predict the solubility of Co-bearing phases (e.g. Co(OH)y),
whose logarithm of solubility product equals 13.094). The
ionic strength effects on the equilibrium constants were
calculated using the Davies equation.

3. Results and discussion
3.1. Cobalt adsorption onto magnetite

The sorption isotherm of Co onto magnetite evidenced two
distinct behaviors at low and high [Co]., when plotted using
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linear scales (Fig. 1a; data in Table S1t). At low [CoOJ, CO
interacted strongly with magnetite surface, as shown by the
increase in [Cols, and the corresponding small [Co].q
remaining in the aqueous phase.

The sorption of Co reached a plateau at around [Co]s 7 to
10 atom per nm®. This value is larger than that of previous
studies dedicated to Co adsorption to magnetite under
oxidizing conditions at pH 8, in which a sorption plateau was
measured at 1.5 < [Co] < 3.3 atom per nm?**™*° and
suggests a higher sorption capacity of magnetite compared to
its oxidation product, maghemite. This value compares well
with an occupancy of 50% of cation-reactive magnetite
surface sites (i.e., 14.84 sites per nm?, according to Morelova
et al®), if assuming a 1:1 Co:surface site stoichiometry.
However, the prevalence of a 1:1 surface complex is very
unlikely: multidentate binding might be more favorable
because stronger complexes generally form at Fe oxide
surfaces.®*®® In addition, high cation surface loadings
generate strong positive surface charge. Therefore, to achieve
a cation surface loading of 7 atom per nm? not only
magnetite-bound Co-monomers but also small oligomers
might form.***

w
o

1(a) e Exp.data
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—Q; /

- N N
w o w
1
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Fig. 1 Cobalt adsorption isotherm on magnetite (0.5 g L), at pH 8 in
10 mM NaCl solution. Data are plotted on (a) linear and (b) logarithmic
scales. Circles represent the experimental data (“exp. data”). Triangles
correspond to the samples analyzed by XAS and XMCD. Dashed black
lines are the model results using a combination of two Langmuir (Q 1
and Q, as gray and blue lines, respectively) and one Freundlich (Qf,
red lines) isotherm equations.
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The plateau in the isotherm was followed by a non-linear
increase in [Co]; for [Col.q above ~0.2 mM (Fig. 1a). This
corresponded to 10% of the Co solubility limit (i.e., 2.4 mM)
in 10 mM NaCl solution at pH 8, as calculated with
PHREEQC. The non-ideal adsorption behavior, the [Colyq
value, and the surface site occupancy all point to a surface
precipitation mechanism.®®”® This was confirmed by TEM
imaging, showing crystallized sphere-like magnetite
nanoparticles of about 10 nm surrounded by an amorphous
layer whose thickness was about 1 to 1.5 nm for [Co]s = 8.30
and 25.74 atom per nm®. Such a layer was hardly observed at
lower loading (e.g., [Co]s = 0.12 atom per nm?; Fig. S11). The
XRD patterns of the pristine magnetite and that with the
high Co loading (25.74 atom per nm?®) were similar, which
further support the formation of an amorphous Co(OH), )
like layer (Fig. S2t). Similar TEM and XRD observations were
made when the surface precipitation of a Fe(OH), like
phase occurred onto magnetite nanoparticles.*'

The use of a logarithm scale revealed an additional non-
ideal sorption behavior of Co at low surface loadings
(Fig. 1b), which could be associated with at least two Co-
magnetite binding processes: a strong Co-magnetite binding
for approximately [Co]s < 1 atom per nm?, and a weaker one
for 1 < [Co]y < 10 atom per nm?. Accordingly, sorption
isotherm modeling was performed assuming three
mechanisms respectively described by two Langmuir
equations (L1 and L2), to account for Co-magnetite binding
up to the sorption plateau, and one Freundlich equation (F),
to account for Co surface precipitation:

[Cols = Qui + Qo + Qp (2)

In eqn (2), Qr; ( = 1 or 2) and Qr are magnetite-bound Co
amounts. The values of Q;; were calculated according to the
Langmuir model:

KL,i[CO]aq
1+ KL,i[CO]aq

QL,[ = Qmax,i (3)
where Qmax,; is the adsorption capacity (here, in atom per
nm?) and Ky, is the Langmuir constant (in L mmol ). The
values of Qr were calculated using the following equation:

Qr = Ke[CoJiq (4)

where Ky is the Freundlich constant, and #n is the non-ideality
parameter. The parameters of eqn (2) were optimized using a
least-squares fitting procedure (Table S271). The results of the
fitting are shown in Fig. 1a and b, in which the experimental
results were well predicted by the model combining the three
adsorption isotherm models. The values of Qpax; Were 0.45 +
0.13 and 10.09 + 1.70 atom per nm? for the L1 and L2
models, respectively (Table S2}). Even though this model is
simple, as it does not account, for instance, for the potential
Co-oligomer formation or electrostatic effects discussed
above, it provided further evidence for the formation of at

This journal is © The Royal Society of Chemistry 2023
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least three distinct surface species and acts as a semi-
quantitative guide for the interpretation of the isotherm data
and, later in this manuscript, the spectroscopic ones.

3.2. Cobalt surface speciation analysis by XAS and XMCD

XAS and XMCD analysis were performed to investigate the
speciation of magnetite-bound Co. Fig. 2a shows the isotropic
XAS spectra at the Co Ls-edge for different Co surface loadings
depicted as triangles in the isotherm plots (Fig. 1; 0.12 < [Co]s
< 25.74 atom per nm?). The full range spectra at the Co L, -
edges are also shown in Fig. S3a:} All the spectra exhibited four
contributions at 772 eV (peak A), 773.4 eV (peak B), 773.8 eV
(peak C), and 774.7 eV (peak D). These peaks corresponded to
Co”" multiplets, ie., the different possible energy transitions
due to important interactions between the valence electrons

(a) B [Col,
1 A (atom nm?)
——Co(OH)2
= —25.74
>
30-8 . 8.30
2
xX 0.6 A '
- 1.19
_g —0.48
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¢ £
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E 0.3 Lol
E" = \! (atom nm?)
= h ——Co(OH)2
S 05 - :
< , —25.74
o A 8.30
897 1 3 3.65
© : 2.22
£-0.9 4 1.19
o . —0.48
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and the electrons close to the nucleus.”" All the spectra were
normalized to peak C, in order to deduce qualitative
information for one structure of the Co at the surface of the
Fe;0, nanoparticles from the evolution of the relative intensity
of the other peaks (A, B, and D). The results were also compared
with the spectra of CoFe,O, (taken from Sartori et al. 2019)*°
and B-Co(OH),() (see the XRD patterns in Fig. S21). At low
cobalt concentrations, the spectra exhibited a more intense
peak C relative to the other peaks. These spectra were similar to
those recorded for adsorbed molecular complexes of Co>" onto
magnetite, either via the Co”" ion” or the ligand,”” or CoFe,O,
(Fig. 2a). This suggests that, at low concentrations, Co>* either
incorporates into magnetite or adsorbs onto its surface, the XAS
signal being similar for these chemical species. However, at any
[Co]s investigated, the analysis at the Fe L,j-edges XAS and
XMCD showed no detectable effect of Co on the Fe

100 - - (b) - -12
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o )
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o
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Fig. 2 Normalized XAS (a) and XMCD (c) spectra at the Co Lz-edge (see L,3-edges in Fig. S3t) of stoichiometric magnetite with different co
surface loadings (0.12 < [Cols < 25.74 atom per nm?). XAS and XMCD signals were normalized by dividing the raw signal by the maximum XAS
peak. (b) Percentage of the different species identified using the adsorption isotherm eqn (2) versus Co surface loading compared to the
percentage of the Co(OH),-like phase calculated from LCF of XAS data (yellow points) and, on the secondary axis, the XMCD intensity (black
squares). (d) XMCD intensity ratio of E and F peaks, as a function of [Cols. The dotted line corresponds to the XMCD intensity of Co(OH),) and the

solid line to CoFe,O,4 references.
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stoichiometry (Fig. S4f), which suggests no significant
substitution of Fe by Co in the Fe;0, structure, and might point
to the prevalence of adsorbed Co ions compared to incorporated
Co. Diffusion is a temperature-dependent phenomenon and
Co>" diffusion in the magnetite crystal lattice has only been
observed at high temperatures, often with the substitution of
Fe>" atoms.”*”® When [Co, increased, the intensity increases in
peaks A, B, and D confirmed the presence of a Co(OH)ylike
phase,””””® in agreement with the isotherm data and TEM
images (Fig. S17).

Linear combination analyses of the normalized Co L;-edge
XAS spectra (from 770 to 780 eV) were performed to
determine the Co surface speciation versus the Co surface
loading (Fig. S5f). Because only two species were
distinguished by XAS, the spectra of Co(OH),) and CoFe,0,4
were used for the linear combination fitting (LCF). The
percentage of the Co(OH),like phase determined by LCF is
plotted against [Co]s in Fig. 2b. These data were compared
with the surface speciation modeling results, assuming the
precipitation of the Co(OH)y)like phase to be described by
the Freundlich equation (eqn (2) and (4)). Both approaches
qualitatively agreed about the increasing amount of
Co(OH),) with increasing [Co]s and with the absence of
Co(OH),(s) for [CoJior < 1.19 atom per nm”. According to the
isotherm modeling, the amount of the Co(OH),like phase
remained below 2% up to Cog concentrations equal to ca.
8.30 atom per nm> By contrast, linear combinations of the
XAS data showed an increase in the fraction of Co(OH),
from 0 to 24% between [Col, = 0.48 and 8.30 atom per nm>.
This occurred in conditions similar to the sorption plateau,
where Co oligomers were suspected to form, and might
indicate that the XAS signal was affected by the formation of
such surface species. This difference could also be attributed
to the fact that the linear combinations of XAS allowed
differentiating only two species while the adsorption
isotherm allowed distinguishing three species.

The corresponding normalized XMCD spectra are shown
in Fig. 2¢, at Co Ls-edge (see Fig. S3bt for the Co L,-edge).
The spectra were typical of Co>".”*®72>79781 The negative
XMCD intensity values corresponded to Co in an octahedral
26:8082 All the spectra exhibited several peaks,
related to Co®" multiplets, especially a major peak at 773.9 eV
(denoted as peak F) and its shoulder at approximately 773.5
eV (denoted as peak E). The XMCD signal was the largest for
low [Co], (0.12 and 0.48 atom per nm?), and the spectra were
very similar to that of CoFe,O, nanoparticles or adsorbed
molecular Co complexes,”®®#" both compounds showing
similar XMCD signals (like for XAS).””>

The intensity of peak F exceeded 1, which could be
attributed to surface spin canting effects.>*®*> The XMCD
signal decreased with increasing [Co]s from 0.48 to 3.65 atom
per nm?, before increasing with [Co]s > 3.65 atom per nm?.
In addition, the energy of the peak shoulder E shifted to
lower values with increasing [Co]s (from 773.5 eV to 773.2 eV,
between [Co], = 0.12 to 25.74 atom per nm?), which was
accompanied by a decrease in its intensity with respect to

environment.
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that of peak F (Fig. 2d). The observations at intermediate
[Co]s suggested the occurrence of a species with a weak
magnetic signal, whereas the data at large [Co]s were in line
with the formation of the Co(OH),like precipitate. The
XMCD spectrum of Co(OH),() exhibited a smaller signal than
CoFe,0, and more easily distinguishable peaks E (773.5 eV)
from Fe.”® In principle, Co(OH),() should exhibit no XMCD
signal, being antiferromagnetic, but the strong magnetic field
applied for the present measurements (+6 T) may align part
of the Co®" spins of a non-crystalline Co(OH)s() phase.**™®*

Suspected spin canting effects prevented the estimation of
Co speciation by XMCD. Instead, the maximum peak intensity
was qualitatively compared with the calculated speciation
using the isotherm model (Fig. 2b). The disappearance of the
first species, prevailing at low [Co]s, corresponded rather well
to the drop in the XMCD signal intensity. For large [Co]s, the
XMCD signal increase coincided with the increase in the
amount of Co(OH),like phase. These results suggest that
Co species with a weak magnetic signal were formed at
intermediate surface loadings, which corresponded to the
prevailing Co species when the sorption isotherm reached a
plateau (at around 10 atom per nm?). Altogether, the wet
chemical experiments, and XAS and XMCD results at the Fe
and Co Lj-edges pointed to the formation of (i) relatively
strong Co surface complexes or incorporated Co species at
low loadings (<1 atom per nm?), (ii) Co-oligomeric species
formations with antiferromagnetically coupled spins, and (iii)
Co(OH),s)-like surface precipitates.

3.3. Probing the cobalt speciation by XMCD magnetization
curves

For metal oxide nanoparticles, the magnetic properties
depend on the valence state of the 3d elements and the spin
moments alignment of the cations in the crystalline structure.
Therefore, following the magnetization curves at specific sites
(Co™ (on), Fe** and Fe*"(op) and (ra)) could give complementary
information about the behavior of the adsorbed or
incorporated Co on the magnetite surface. The saturation at
high field, the remanent magnetization (at zero field), and the
coercive field (at zero magnetization) allowed distinguishing
the Co-bearing phases at the magnetite surface. For four
[Cols, ranging from 0.48 to 25.74 atom per nm? XMCD
magnetization curves XMCD(H) were measured at a fixed
energy (773.9 eV), and under a magnetic field parallel to the
beam varying from -6 to 6 T. The XMCD (H) curves (Fig. 3)
showed different behaviors depending on the Co surface
loading. At 0.48 atom per nm? the magnetization curve
corresponded to a ferrimagnetic phase like cobalt ferrite,
which is characterized by a relatively fast magnetic saturation
and a coercive field. At highest Co concentration, the
magnetization curve corresponded to an antiferromagnetic
phase that is characterized by a weaker saturation and highest
coercive field. Following the magnetization curves versus the
Co concentration, the saturation was faster for low Co
concentrations and the coercive field was stronger for high

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XMCD magnetization versus magnetic field measurement at the Co Ls-edge at 4.2 K for four solid cobalt concentrations (from 0.48 to
25.74 atom per nm?). All the curves were normalized to 1 in order to compare the magnetization behavior versus the [Col;. The raw XMCD

magnetization curves can be seen in the ESI} (see Fig. S7).

concentrations. The saturation of the magnetization curves
for samples with a low Co concentration was attributed to
Co>" in the CoFe,O4like magnetic structure, caused by the
high magnetic moment of Co>*.***® The low saturation for
samples with a high Co concentration indicated the presence
of an antiferromagnetic phase superimposed over the
ferrimagnetic phase already present at low concentration,
causing a spin tilt in the surface layer on the magnetic
particles and degrading the magnetic properties.’”°° The
magnetic signals of Fe were similar at different Co
concentrations, except for the coercive field (Fig. S6t). The
coercive field (Hc) and the remanence to saturation ratio (Mr/
Ms) were measured at the Co and Fe edges (Table 1). Similar
Hc values were calculated for the high Co concentration cases
at the Fe and Co edges, agreeing with the strong exchange
coupling of Co and Fe atoms.>*°™?> The Mr/Ms values
confirmed that with increasing [Co]s, the unsaturation
increased. These results suggest that at low Co concentrations
([Cols = 0.48 atom per nm?), a magnetically phase similar to
CoFe,0, forms on the magnetite surface, which agrees with
the results obtained for the surface speciation that predicted
the adsorption or incorporation of Co atoms onto the
magnetite surface. The decrease in the coercive field for [Co]s
= 2.22 atom per nm?, with the saturation of magnetization,
suggested a change in surface speciation with the formation
of oligomers exhibiting weaker magnetic properties. When
[Cols = 8.3 atom per nm?, the coercive field increased again
with a limitation of saturation, confirming the partial

precipitation of the Co(OH),like phase onto magnetite. The
coercive field continued to increase as [Co]s increased, again
with unsaturation, demonstrating the formation of a
Co(OH)ys)like layer, which led to interesting magnetic
properties with an antiferromagnetic layer. These results were
in excellent agreement with the analysis results from XAS and
XMCD. The behavior of the magnetization curves for high
cobalt concentrations suggested a hard magnet behavior,
while for low cobalt concentrations, the behavior tended to be
a mixture of hard and soft magnets.*'

4. Conclusion

Magnetite nanoparticles have a strong affinity for Co>'.
Therefore, these nanoparticles have a high potential for
environmental (decontamination) and electronic (core-shell
structure) applications. Magnetite is already widely used in
many fields but the understanding of its interactions with
metals, and the resulting properties, is still limited. In this
study, the mechanisms involved were investigated using a
magnetite  nanoparticles Co**  solution at different
concentrations, under anaerobic conditions. The results
obtained give a better understanding of the interactions
between magnetite and Co, at the nanoscale. The
characterization of the nanoparticles showed that the addition
of Co did not modify the size of the nanoparticles, which was
about 10 nm. However, magnetite nanoparticles with high Co
concentrations showed a gangue, about 1 to 1.5 nm thick,

Table 1 Coercive field and Mr/Ms values obtained for element specific hysteresis measured by XMCD on FesO, nanoparticles with different Co
adsorption, with [Col, ranging from 0.48 to 25.74 atom per nm?2. Hc, Mr, and Ms are, respectively, the coercive field, the remanent magnetization, and

the magnetizationat 6 T

Sample [Cols = 0.48 nm™ [CoJs = 2.22 nm™ [Co]s = 8.30 nm™ [Cols = 25.74 nm™> Co(OH),
Hc Co 0.13 0.09 0.10 0.20 0.29

Hc Fe 0.10 0.03 0.10 0.19

Mr/Ms Co 0.37 0.30 0.21 0.20 0.09
Mr/Ms Fe 0.29 0.14 0.30 0.44

This journal is © The Royal Society of Chemistry 2023
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constituted of amorphous Co hydroxide. Modeling of
adsorption isotherms gave rise to three different behaviors as a
function of the Co concentrations: (i) adsorption or
incorporation of Co-monomers on magnetite, with strong
bonds, at low concentrations, (ii) adsorption of Co ions as
oligomers at intermediate concentrations, with weaker bonds,
and (iii) precipitation of Co ions at high concentrations. XMCD
analyses and magnetization curves allowed defining the
magnetic properties of the magnetite-Co nanoparticles. The
three surface species showed different magnetic properties. The
Co-monomers had a magnetic behavior similar to that of CoFe,-
0O, particles, with the formation of a ferrimagnetic phase, while
the Co precipitate had a behavior close to that of Co(OH),
particles, which formed a core-shell structure, with the
formation of an antiferromagnetic phase. On the other hand,
the Co oligomers had diminished magnetic properties. This
study has a double interest. First, these results provide a
comprehensive view of Co speciation, which can be useful for
environmental applications, including soil and water
remediation. Second, it provides a better understanding of the
magnetic behavior of magnetite-Co nanoparticles, according to
speciation, which would allow predicting the magnetic
properties and adapting magnetite-Co synthesis for electronic
applications.
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