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Abstract

Magnetite nanoparticles, commonly found in subsurface environments, are extensively
used in various applications such as environmental remediation, catalysis, electronics and
medicine. However, the oxidative transformation of magnetite (mixed-valent Fe-oxide) into
maghemite (Fe(Ill)-oxide) that drastically affects magnetic, catalytic and redox properties of the
mineral, is still poorly understood. In the present study, a thorough characterization of both

particle core and surface of magnetite was performed to accurately assess the relationship

between mineral composition and reactivity within the magnetite/maghemite core-shell structure.

Previous work showed that X-ray absorption spectra (XAS) and X-ray magnetic circular
dichroism (XMCD) can provide key insights into magnetite stoichiometry (R = Fe(II)/Fe(II)) of
10 nm sized particles, as compared to wet chemistry and X-ray diffraction (XRD). In the present
study, XMCD signals have been used to further characterize the complex reactions involved in
the magnetite/maghemite system upon oxidation and recharge processes, e.g. decreasing R from
0.5 to 0.1 using H,O; or increasing from 0.1 to 0.5 through dissolved Fe?" amendment. Indeed,
surface recrystallization processes, induced by oxidation as well as Fe?* diffusion into the solid
phase and/or redistribution of electron equivalents between the aqueous solution and the
magnetite bulk, led to decreased spin canting effects, altering XMCD signals. This study
provides a fundamental understanding of the processes occurring in the magnetite/maghemite
system upon the alteration of the redox conditions and offers a more accurate method for the

determination of magnetite stoichiometry by XMCD.
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Environmental significance

Nanometric magnetite is a ubiquitous mixed Fe(II)-Fe(IIl) oxide in soils and sediments.
This reactive nanosized mineral plays a key role in the biogeochemical cycling of trace elements
and affects the mobility, redox transformation, and toxicity of various organic and inorganic
pollutants. The stoichiometry (Fe(Il)/Fe(Ill)) of magnetite nanoparticles, a key parameter
controlling their reactivity, is subjected to large variations especially in Fe-rich subsurface
environments experiencing alternating anoxic and oxic periods. Unlike more classical techniques,
X-ray magnetic circular dichroism spectroscopy was found here to be a powerful tool to uncover
surface recrystallization processes throughout oxidation-recharge cycles of magnetite
nanoparticles or their amendment with an excess of Fe?". This work sheds light on an overlooked
process occurring at the nanomagnetite-water interface, which enriches our understanding of the

behavior and reactivity of mixed-valence oxides in environmental settings.
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1. Introduction

Magnetite nanoparticles have recently aroused great interest due to their large reactive
surface area, good inherent magnetism, and redox properties!. They have been evaluated as
promising materials in various fields including, for instance, cancer diagnosis? and therapy3-4,
energy storage>®, catalysis science’, and water treatment®°. Furthermore, magnetite (Fe;0,) is a
corrosion product of elemental iron and has recently been shown to control the surface properties
and reactivity of nanosized zero-valent iron used for soil and groundwater remediation!©.
Magnetite is ubiquitous in the earth’s crust, soils, and sediments and exists under various particle
sizes, morphologies, and stoichiometries!!~!3. It also plays an important role as electron source or
sink for microorganisms.'* The stoichiometry of the particles (R) is one of the most important
factors in controlling the reactivity of magnetite, e.g. (i) reduction kinetics of nitroaromatic
compounds'>'°, (ii) adsorption capacity of organic compounds'’, and (iii) sorption and redox

speciation of inorganic contaminants'®. R can be defined as follows:
R = Fe(II)/Fe(11I) (1)

R equals 0.5 for a perfectly stoichiometric (Fe;O4) magnetite and 0 for maghemite (y-Fe,O5), the
fully oxidized form of magnetite, whose chemical formula can also be written Feg;3;04 by analogy
with that of magnetite. Partial oxidation of magnetite can lead to the formation of non-
stoichiometric magnetite (Fe; s04) with 0 <R < 0.5 (0 < < 1/3). If non-stoichiometric magnetite
is exposed to a source of dissolved Fe(II), perfectly stoichiometric magnetite (i.e. R = 0.5) can be
restored through oxidation of a Fe(II) ion adsorbed at the surface and reduction of underlying
octahedral Fe(IIl) in the magnetite structure, as previously demonstrated using bulk
characterization techniques such as Mossbauer spectroscopy, X-ray diffraction (XRD) or wet

chemistry'>.

Heterogeneous redox reactions may occur at the magnetite-water interface with the potential
formation of magnetite-maghemite core-shell structures!®. The surface properties of magnetite
can be altered upon Fe(II)-recharge. Indeed, complex surface reactions can take place when
stoichiometric magnetite is equilibrated with dissolved Fe(II), such as rapid atomic exchange??,
redistribution of electron equivalents between bulk and the outermost surface of particles?!, and
surface-mediated electron transfer with redox-sensitive species in solution??. It is, therefore,

necessary to thoroughly characterize both the bulk and surface of magnetite to accurately
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evaluate the surface reactivity changes through oxidation-recharge processes, which cannot be
done by Mossbauer, XRD or wet chemistry. Thanks to their chemical selectivity and valence
state sensitivity, X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) are unique tools to separately probe the electronic properties of the 3d transition
element Fe. The total electron yield (TEY) used as detection mode is sensitive to the surface of
the (nano)particles (~4-5 nm)?3. Isotropic XAS, i.e. obtained in the absence of a magnetic field,
can be used to probe the Fe(Il)/Fe(Ill) ratio of Fe-oxides but is not specific to spinel structures
like magnetite. By contrast, XMCD enables to distinguish the tetrahedral (T4) and octahedral
(Oy) iron and their oxidation state in magnetic compounds. XMCD spectra of magnetite typically
show two negative peaks due to Fe(Il) and Fe(III) on a Oy, site, and a positive one due to Fe(III)
on a Ty site, whose relative intensities allow determining the magnetite stoichiometry. For these
reasons, XAS and XMCD at the Fe L, ;-edges were used in several studies to elucidate the

structure and properties of magnetite surfaces?!->4-31,

The XMCD signal of nanostructured magnetically ordered materials is also sensitive to spin
canting?3234, which results from structural disorder, either in the interior or at the surface,
giving rise to the misalignment of atomic magnetic moments. The spin canting effect is
visualized in XMCD spectra through the decrease in the intensity of the peaks of Fe(II)o, and
Fe(Ill)op, relative to that of Fe(Il)14.2%32-3* The fact that the XMCD signal is not only sensitive
to the Fe oxidation state but also to spin canting may hamper the determination of magnetite
surface stoichiometry. Because spin canting globally minors the signal of Fe(II) relative to that
of Fe(Ill), its effect might be wrongly attributed to partial oxidation of magnetite. Conversely, in
a recent study,?! the Fe(II) signal of a stoichiometric magnetite in aqueous suspension was shown
to increase upon addition of dissolved Fe?*, which suggested the formation of
hyperstoichiometric or “cation-excess” magnetite. However, because recrystallization processes
can decrease spin canting at the magnetite surface,?>3* an alternative interpretation to the
formation of hyperstoichiometric magnetite?! might be the decrease in spin canting effect upon
Fe?*-induced recrystallization at the magnetite surface. Therefore, the latter hypothesis deserves

further investigation.

The aim of this study is to assess the oxidation and recharge processes of nanosized magnetite

(~ 10 nm), using H,O, and dissolved Fe(Il), respectively, as well as the impact of the presence of
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a dissolved Fe(Il) excess on the magnetite surface and bulk structure using a combination of
techniques: wet chemistry, XRD, XAS, and XMCD. In particular, the impacts of recrystallization
processes induced by H,O, oxidation or Fe(Il) amendment on spin canting were carefully
addressed to determine the Fe(Il)/Fe(Ill) ratio from XMCD data. This study provides a
comprehensive understanding of the behavior and reactivity of magnetite nanoparticles and paves
the way for developing more accurate methods to determine magnetite stoichiometry in aqueous
solution. As a result, these findings will have strong implications in various research fields

including medicine, catalysis, electrochemistry, and environmental research and applications.

2. Materials and methods

2.1 Materials

All chemicals were of analytical grade or better and were purchased from Sigma-Aldrich. The
sample solutions were prepared with ultrapure “MilliQ” water (specific resistivity 18.2 M cm).
All experiments were carried out in an anaerobic chamber (N;-glovebox, JACOMEX, O, < 1

ppm), and all solutions were purged with N, for at least 12 h inside the glovebox before use.

2.2 Synthesis of magnetites with various stoichiometries

Stoichiometric magnetite (R0.5) has been synthesized in an N,-glovebox following a well-
known room temperature aqueous precipitation method, which produces ~10 nm particles3>-36, A
0.5 M HCI solution (40 mL) containing a 0.5 M FeCl, and 1 M FeCl; (1:2 molar ratio) was added
dropwise into a 0.5 M NaOH solution (250 mL) while continuously stirring, leading to
instantaneous precipitation of magnetite particles. After the synthesis, the solid phase was washed
three times with ultrapure water, pH 8.5 (adjusted using NaOH) to avoid the release of Fe?', as
observed in previous work!”37, and thus, to guarantee a stoichiometry of R0.5. Specific
stoichiometric amounts of H,O, were added to R0.5 to produce different sets of partly oxidized
non-stoichiometric magnetites (R0.1, R0.2, R0.3, R0.4)!7-38 The non-stoichiometric magnetites
were washed with ultrapure water (at pH = 8.5) to remove residual H,0O,.

Effective Fe(II)/Fe(III) ratios (Re¢) of all magnetites (R0.1, R0.2, R0.3, R0.4, and R0.5) were
determined by acid digestion of magnetites in 0.6 M HCIl during 3 days, followed by
spectrophotometric determination of dissolved [Fe(Il)] and total [Fe] (= [Fe(Ill)] + [Fe(II)]) using
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the 1-10 phenanthroline colorimetric method3°. Results were in excellent agreement with values
expected from the amount of added H,0,, as in previous studies'>!7-33, Repetition of acid digestion

followed by spectrophotometry led to an error of +0.01 on the determination of Reg.

2.3 Batch studies

All magnetite aqueous suspensions were prepared for a total Fe concentration of 6.5 mM (~0.5
g L1 of magnetite) in 10 mM NacCl solutions, in 15 mL polypropylene tubes containing 10 mL of
solution. HCl and NaOH were used to adjust pH to a final value of 8.5 (no buffer was used). The
impact of dissolved Fe(Il) addition on the recharge of RO.1 to R0.2, R0.3, R0.4 or R0.5 was
investigated by adding small amounts of a 100 mM FeCl, solution. The impact of the presence of
an excess of Fe(IT) on R0.5 was investigated by adding 250, 500, 1000, and 2500 uM Fe** to R0.5.
Although magnetite interaction with Fe?* proceeds within less than one day at pH > 7 1517, a
reaction time of 20 days was applied to ensure chemical equilibrium. pH was controlled and
adjusted regularly if needed. After 20 days, a fraction of the solid phase was separated from the
solution using a magnet to determine R by acid digestion followed by spectrophotometry. An
aliquot of the suspension was filtered using 0.2 um cellulose acetate filters (Sartorius Minisart).
The absence of Fe nanoparticles in the filtrate was checked by dynamic light scattering (VASCO
Flex). Dissolved [Fe(Il)] was measured by spectrophotometry (dissolved Fe(Ill) was never
detected). Knowing the total [Fe(II)] and [Fe(III)] in the initial suspension (i.e. solid and solution)
and dissolved [Fe(I)],q after filtration, Res could be calculated according to the following

equation:

Resr = ([Fe(ID) ot — [Fe(ID)]ag)/ ((Fe(IID) I rota) )

Rsr determined by acid digestion or by measurement of [Fe(II)],q using eq. 2 were in excellent
agreement.

All syntheses were carried out at Geosciences Rennes. A fraction of samples was transported
to the SOLEIL Synchrotron facility at the DEIMOS* beamline in 1 mL tubes, placed in airtight
bottles that had been closed in the N,-glovebox. At SOLEIL, samples were handled in an Ar-

glovebox connected to the end station of DEIMOS. To ensure that no sample oxidation occurred
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during transport, the samples were brought back to Geosciences Rennes after analysis at the

DEIMOS beamline, and the Fe(II)/Fe(III) ratio of the suspension was checked by acid digestion.

2.4 Characterization

TEM and XRD. Transmission electron microscopy (TEM; Jeol JEM 1230 microscope) was
used for magnetite nanoparticles characterization. A small aliquot of magnetite suspension was
diluted with ultrapure water (at pH = 8.5) and sonicated for 20 min. A droplet of the diluted
suspension was deposited on a carbon-coated 200 mesh copper grid and dried inside the
anaerobic chamber. Samples were transported to the microscope under an N, atmosphere using a
hermetic holder and the samples were analyzed at an acceleration voltage of 200 kV. Average
particle diameters were determined by measuring 100 particles.

Powder X-ray diffraction (XRD) was performed on a Bruker D8 Advance diffractometer
working with a monochromatized Cu K,,; radiation (A = 1.5406 A) and equipped with a LynxEye
fast detector enabling a photon energy selection and thus the removal of Fe-fluorescence
background signal. Magnetite suspension was placed on a misoriented Si single crystal holder
and dried for 2 h in an anaerobic chamber. To avoid the oxidation of magnetite during the XRD
analysis, the dried samples were covered by a drop of glycerol. The samples were scanned in the
26 range from 20° to 120° with steps of 0.02° and an integration time of 716 s per step. Rietveld
refinement of the XRD patterns, using the FullProf software*!, enabled to determine (i) the cell
parameters of the phase and (ii) the average crystallite size by fitting the Lorentzian broadening
of the peaks compared to a standard corundum sample and deconvoluting the instrumental
contribution from the total FWHM using a Thompson-Cox-Hastings profile function*?.

XAS and XMCD signals were recorded at the Fe L, 3 edges (700 — 730 eV) on the DEIMOS
beamline at the synchrotron light source SOLEIL#?. The measurement protocol was detailed in
previous studies**3. Colloidal suspensions of nanoparticles were drop-casted on silicon substrates
and dried at room temperature, in the Ar-glove box (O, < 1 ppm) connected to the end station.
The silicon substrates were fixed on a sample holder and transferred into the cryomagnet, under
ultra-high vacuum (UHV-10-1° mbar). All spectra were measured in Total Electron Yield mode
(TEY) at 4.2 K under UHV conditions and an applied magnetic field H (H" = +6 Tesla and H- = -
6 Tesla). The beam size was 800*800 um? and the resolution was 100 meV. XAS and XMCD
spectra were plotted by considering the absorption cross-section measured with left (o) and right

(or) circularly polarized X-rays. Isotropic XAS were plotted as oxas= (o+ + 6.)/2 and XMCD

8
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spectra were plotted as oxycp= (6+ - 6.) where 6, = [oL(H") + or(H)]/2 and o_ = [o(H) +
or(H")]/2. The circularly polarized X-rays are provided by an Apple-II HU-52 helical undulator
for both XAS and XMCD measurements and by sweeping the magnetic field from +6T to -6T.
Both isotropic XAS and XMCD signals were normalized by dividing the raw signal by the edge

(1) jump of the isotropic XAS.

2

3

g 3. Results and discussion

? 3.1 Effects of oxidation on magnetite characteristics

g The individual sizes and shapes of magnetite nanoparticles were measured by TEM

0 imaging (Figure S1). The synthesized magnetite and oxidation products displayed nearly
%; spherical shapes and similar sizes with diameters of ca. 10 nm (i.e. between 8.9 + 2.1 and 11.5 +
gi 1.5 nm; Table S1). This agrees with previous work3® where the oxidation of iron nanoparticles
25 (magnetite to maghemite) did not significantly affect the magnetite particle size. The XRD
%? patterns of magnetite nanoparticles have previously been shown to depend on the stoichiometry
§§ of the nanoparticles3®. Cell parameters of stoichiometric magnetite range from 8.39 to 8.40
;3(1) A146 XRD analysis confirmed the purity of R0.5 (8.3976 A; Table S1 and Figure. S2).
) Oxidation of R0.5 leads to non-stoichiometric magnetite with smaller cell parameters (e.g.
%i 8.3685 A for R0.1; Table S1 and Figure. S2)!1:303847 Cell parameters of these samples fall
CZ between that of magnetite and maghemite (8.34 A)!! which confirms that these samples are

U magnetite-maghemite solid-solutions. It is interesting to note that R does not seem to evolve
33 linearly with the cell parameter in the present work, by contrast with Gorki et al.’s findings®® but
2(1) in agreement with Pearce et al.>* (Figure S3). However, given the small discrepancies between
fé all these studies, results might be considered in relatively good agreement.3’-*® Bragg peaks
44 enlargement observed on XRD patterns (Figure S2) was treated during Rietveld refinements as
22 “crystallite size” effect. This led to ca. 6.3-9.4 nm crystallites, in relatively good agreement with
j; TEM when keeping in mind that differentiating between size effect, crystallographic defects or
gg internal strains by XRD is difficult for nanoparticles*s.
51 Figure 1a shows the isotropic XAS spectra at L, 3 edges of stoichiometric nanomagnetite
?g (RO.5) and oxidation products (R0.1 to R0.4) at pH 8. They are typical spectra of ferrite spinel
g;’ structures?!?42°, The Fe L;-edge show two main contributions at 706.9 ¢V (I;) and 707.2 eV (1)
56 that correspond to Fe(II) on Oy, sites (I;), and Fe(III) on Oy and T sites at 707.2 eV (1),
S5 9
59
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respectively. The evolution of the I,/I, ratio versus the R provides information about the amount
of Fe(II) at the surface of the nanoparticles. In addition, the series of pre-edge-peaks between
703 and 705 eV, increased with increasing R, which is attributed to the increase in the amount of
Fe(Il) in the near-surface region of the nanoparticles from R0.1 to R0.5. Corresponding XMCD
spectra, illustrated in Figure 1b, present three main peaks at the L3 edge. The peak S,
corresponds to both Fe(Il) and Fe(III) on Oy, sites, but is dominated by Fe(II), the peak S,
corresponds to the contribution of Fe(Ill) in T4 sites while the peak S; is attributed to Fe(III) on
Oy, sites. Sy and S5 are coupled antiparallel to S, due to the ferromagnetic behavior of the inverse
spinel structure of Fe;_ O, nanoparticles. A very low intensity of S; (R0.1) with an oscillation
between S; and S, corresponds to an iron oxide spinel structure with deficiency in Fe(Il) atoms,
that is, a structure very close to maghemite?’-?4°, However, the XMCD of R0.1 also shows
characteristic features of magnetite such as pre-peaks between 703 and 705 eV, which confirms
the presence of Fe(Il) in the structure.?® The increase of S; versus R indicates the increase of the
amount Fe(Il) in the structure.

The decrease in S; intensity with constant S; intensity explains the decreasing Fe(II)
content from R0.4 to RO.1. However, the intensities of both negative peaks S; and S; are smaller
for R0O.5 than for R0.4 (inset to Figure 1). This is consistent with previous investigations, which
have ascribed this phenomenon to surface spin canting effects with increased spin disorder
occurring preferentially at the octahedral sites?>-33. The growth process of maghemite is mediated
by Fe?" cations and vacancy diffusion that can give rise to structural reorganization and a lower
degree of structural disorder. This mechanism could thus result in a smaller spin canting of

partially oxidized magnetite compared to the pristine stoichiometric magnetite?®.

10
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Figure 1. (a) Isotropic XAS and (b) normalized XMCD spectra of stoichiometric magnetite
(RO.5) and its oxidation products (R0.1, R0.2, R0.3, and R0.4). XAS was normalized to the jump
of edge and XMCD was normalized to the peak S,.

3.2 Impact of an oxidation-recharge cycle on the magnetite surface structure

Previous studies showed that partially oxidized magnetite can be converted into
stoichiometric magnetite by dissolved Fe(Il) amendment '3-17. Accordingly, a complete uptake of
dissolved Fe(Il) by RO.1 was observed when appropriate amounts of Fe(II) were added to reach
Resr=0.2,0.3, 0.4, and 0.5, at pH = 8.5. XRD and XAS analyses revealed, that the cell parameter
and I,/I, ratio of the magnetite with R.is= 0.5 produced by the addition of Fe(II) to R0.1 was

11
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similar to that of the pristine stoichiometric magnetite (Table S1, Figures S2 and S4), and TEM
evidenced no significant size or morphological evolution of the nanoparticles upon recharge
(Figure S1). The XMCD spectra of samples obtained by the recharge of R0.1 were very similar
to those obtained for the corresponding magnetites produced by oxidation of R0.5 (Figure 2).
However, the S; and S;3 peak intensities in the XMCD spectrum of the recharged R0.1 to R0.5
are larger than those of stoichiometric magnetite (R0.5). This might be attributed to decreased
spin canting after the oxidation-recharge cycle. Indeed, two mechanisms could explain the
recharge of partially oxidized magnetite into stoichiometric magnetite. Firstly, Mossbauer
spectroscopy investigations showed that adsorption of Fe(Il) is followed by an electron transfer,
leading to the reduction of the octahedral Fe*" atoms in the underlying magnetite to octahedral
Fe?" atoms!3. Secondly, isotopic exchange experiments suggested a fast Fe atom exchange
between magnetite and the aqueous solution?’. Both Fe?" cations diffusing into the solid phase
and/or the redistribution of electron equivalents between the aqueous solution and the interior of
magnetite may involve recrystallization, as previously shown3%3, This scenario is supported by
the Bragg peaks enlargement observed on XRD patterns (Figure S2). The determined apparent
crystallite size by Rietveld refinements, whose determination is affected by crystallographic
defects or internal strains for nanoparticles®®, increases from 6.3 nm to 9 nm after recharging
RO.1 up to R =0.5. In fact, because the size of the particles hardly changes during the
oxidation/recharge process (9.6 + 2.3 nm for R0.1, 11.3 £ 2.0 nm for the recharged sample;
Figure S1; Table S1), narrower peaks (and apparently larger crystallite size) after the recharge
process indicate a higher crystallinity compared to the initial material. Because surface spin
canting affects the XMCD signal of poorly-crystalline magnetite nanoparticles**>4, our data
suggest that the recrystallization processes induced by the oxidation-recharge cycle lead to

decreased spin canting i.e. decreased structural disorder.

12
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Figure 2. Normalized XMCD spectra of non-stoichiometric magnetite (R0.1) amended with

dissolved Fe?" to increase R Data are compared with pristine stoichiometric magnetite (R0.5).

3.3 Effects of Fe’*excess on magnetite surface properties

Fe atom exchange and redistribution of electron equivalents between the aqueous
solution and the interior of magnetite may not only occur during the recharge of partially
oxidized magnetite but also the reaction of pristine stoichiometric magnetite with an excess of
aqueous Fe(I1)2%2!, Therefore, “overloading” stoichiometric magnetite with dissolved Fe(II) may
also affect the surface atomic ordering and related spin canting. To test this hypothesis, R0.5 was
reacted with 250-2500 uM Fe(II) at pH 8.5. Complete uptake of Fe(II) by R0.5 was observed by
spectrophotometric analysis, which leads to an apparent increase of R ¢ with increasing added
[Fe(II)].q (Table S1). Accordingly, XAS spectra exhibited an increase in I; compared to that of
RO.5 (Figure 3a). This peak became predominant for [Fe(II)] = 2500 uM (Figure 3a), where the
solid phase exhibits an R = 0.93. Such a very intense I; peak suggests precipitation of a Fe(Il)-
solid phase. In the normalized XMCD spectra (Figure 3b), both the intensity of S; and S;3
increased with an increasing amount of added Fe(II) up to 1000 uM. Thus, spin canting effects
decreased, allowing an increase of the magnetic properties. However, a large excess of Fe(Il)
(2500 uM) did not further affect the normalized XMCD signal, which confirms the formation of
magnetically silent Fe(Il)-solid phase at the magnetite surface. A comparable process was

observed during the synthesis of titanomagnetites nanoparticles at large Fe(II) concentrations,

13
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when Fe(II) could not enter the titanomagnetite structure.’® We suspect that, given our

experimental conditions, that Fe(II) oxide or hydroxide formed. The cell parameter determined

by XRD analysis did not significantly differ between the overloaded magnetite (2500 pM) and

the pristine R0.5 (Table S1), probably because of the amorphous structure of the Fe(II)-

containing layer. TEM confirmed the formation of an amorphous layer at the magnetite surface

(Figure S1). The presence of this Fe(II)-containing precipitate onto the magnetite surface

explains the strong increase of I;, while the normalized XMCD spectrum remained unchanged

(Figure 3b).
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Figure 3. (a) Isotropic XAS and (b) normalized XMCD spectra of stoichiometric magnetite
reacted with an excess of dissolved Fe?" (250-2500uM).
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3.4 Determination of nanomagnetite stoichiometry using XMCD
The determination of the magnetite stoichiometry - or the mole fraction (X) of magnetite in
the magnetite(Fe;O,)/maghemite(Feg304) solid solution - by XMCD is often based on linear

combination fits (LCF) involving maghemite and stoichiometric magnetite references:

(1) Int(Sample) = X x Int(Magnetite) + (1-X) x Int(Maghemite) 3)

2

i where “Int” is the XMCD signal intensity of the sample or a reference at a given energy, and the

5 relationship between X and R being given by the following equation where “n” refers to

? quantities of matter (moles):

8

g X =n(Fe;04)/(n(Fe;04)+n(Fes304)) = 8Rerr/(3+2Re) 4)
%; However, the present results show that the XMCD signal of nanomagnetite does not only depend
%i on its stoichiometry but it can also be affected by the crystallinity at the nanoparticle surface and
§5 related spin canting effects. Hence, the XMCD signal depends on the alternation of redox
%S conditions, because oxidation and reaction with Fe(II) lead to recrystallization at the nanoparticle
§§ surface. This may hamper the determination of magnetite stoichiometry by XMCD.
503(1) Given the size (around 10 nm) of the presently studied Fe;_sO4 nanoparticles, the TEY used as
gg surface detection mode, is also sensitive to the core of the nanoparticles. By making the
%’;’ approximation that the TEY probes the entire particle, although more sensitive to the surface, it is
%6 possible to use experimental values of R measured by spectrophotometry (eq. 2) to estimate the

573 respective XMCD signals of magnetite and maghemite by a least-square fit. Normalized XMCD
23 spectra and R.s of the four non-stoichiometric magnetites produced by oxidation of R0.5 were
j; used for this purpose. The calculated spectrum of maghemite (RO) is qualitatively consistent with
43 literature data?’-284° and the intensity of peak S is similar to that of the calculated spectrum of
fé magnetite (R0.5), as expected in the absence of spin canting effects (Figure 4). Interestingly, if the
j? XMCD spectrum of the pristine stoichiometric magnetite R0.5 is affected by spin canting, the
48 oxidation-recharge cycle or the overloading with 1000 uM Fe(II) improved the XMCD signal and
gg lead to similar spectra as the calculated one (Figure 4). This comparison suggests that this spectrum
g; corresponds to the spin canting-free stoichiometric magnetite nanoparticles (~10nm), and then can
gi be used as a good reference to determine magnetite stoichiometry by LCF of XMCD data.
55
56
57
58 15
59
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Conversely, when neglecting spin canting effects, attempts to re-evaluate R of the
stoichiometric magnetite subjected to a complete oxidation-recharge cycle using the XMCD
spectrum of the pristine stoichiometric magnetite, can be made with equations 3-4 and a least-
square fit, in which the maghemite term is set to 0. The fitted spectrum over the energy range 700-
715eV (Figure 4b) accurately predicts the intensity of the Fe(Il)o, peak while only slightly
overestimating that of the Fe(Ill)o, and Fe(Il)r4 peaks, respectively, hence providing a reasonable
estimate for the present purpose. The corresponding value of R equals 0.57. Repeating the same
exercise for the overloaded stoichiometric magnetite with 1000 uM Fe(II) leads to Resr=0.61 (not
shown). These larger values than 0.5 might suggest the formation of hyperstoichiometric or
“cation-excess” magnetite, as previously suggested.?! Therefore, although the presently observed
spin canting effect is relatively small, this demonstrates that its omission has important

consequence for the determination of the magnetite stoichiometry.
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Figure 4. (a) Normalized XMCD spectra of pristine stoichiometric magnetite (R0.5), amended
RO.1 with Fe(IT) (“oxidation and recharge”), amended R0.5 with 1000 uM Fe(II)
(“overloading™), and comparison with the calculated spectra of maghemite and stoichiometric
magnetite (“calculated” RO and R0.5, respectively). (b) Normalized XMCD spectrum of the
stoichiometric magnetite subjected to a complete oxidation-recharge cycle (data) fitted using

equations 3-4 and the XMCD spectrum of the pristine stoichiometric magnetite (model).

Another approach can be used to estimate magnetite stoichiometry. An indicator (S) was

defined in order to follow the evolution of peak intensities versus stoichiometry34:

S=(S;+8S,)/ (S, +8S3) (5)
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This approach can also be used to compare our results with literature data. The value of S is
plotted against X determined by acid digestion in Figure 5 for X < 1 (other data are given in
Table S1). An error of 5% is assumed on the determination of S. Measured values?® or presently
estimated ones for maghemite (X = 0) agree relatively well (S = 0.69 and 0.75, respectively).
The presently synthesized pristine stoichiometric magnetite exhibits S approximately equal to
1.15, in excellent agreement with about 10 nm stoichiometric magnetite particles synthesized by
coprecipitation?! or with few nanometer thin films?8. Spectra recorded after an oxidation-
recharge cycle, in the presence of excess Fe(Il) and the calculated spectrum of R0.5 lead to S =
1.22, in agreement with the experimental study?' which contained stoichiometric magnetite with
1000uM Fe(II) (S = 1.25). The following relationship was graphically found to estimate X (+
0.05 X units) from the S value:

X =(S-0.737) / 0.446 (6)

However, it appears that very different XMCD spectra were published for stoichiometric
magnetite, leading to a broad range of S values, from 1.15 to 1.46 (Table S2) 21429 Such a large
variation cannot be attributed to a variable Fe(II) content between the studied magnetites.
Instead, we suspect that the synthesis procedures can affect the morphology and surface
characteristics of stoichiometric magnetite3>-°°. For instance, biogenic magnetite nanoparticles
(20-30 nm) are more crystalline than abiotic ones?*?>, and produce larger S values (1.30), while
magnetite nanoparticles synthesized by thermal decomposition (5-22 nm) are also well
crystallized with large S values?’#° (Table S2). Therefore, the determined reference
stoichiometric magnetite XMCD spectrum (eq. 3) and the present calibration using X versus S
(eq. 6) might be only used to determine the stoichiometry of about 10 nm-sized precipitated
particles. Further studies are required to quantify the combined effects of magnetite

stoichiometry, particle size, and crystallinity on the XMCD spectra.
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Figure S. S ratio (eq. 5) versus the mole fraction of magnetite (X) for all samples presently

analyzed by XMCD. S values are compared with that obtained from previous studies?!?® and

presently calculated spectra of RO and R0.5 (eq. 3).

Magnetite nanoparticles have broad implications in geochemistry, environmental science,
and materials science, due to their large reactivity, good inherent magnetism, and redox properties.
Although the surface reactivity of Fe; ;04 nanoparticles is extensively investigated, knowledge
regarding the transformation of magnetite into maghemite, and vice versa, is limited. In the present
study, magnetite stoichiometry was tuned in aqueous suspension by adding appropriate amounts
of H,O, or dissolved Fe?*. The experimental dataset presented in this work confirmed that XMCD
analysis may be used to follow the Fe(II)/Fe(IIl) ratio?!?42830 but caution with respect to spin
canting or the degree of structural order of the minerals is required.?®*3 Indeed, oxidation as well
as Fe?" diffusion into the solid phase and/or redistribution of electron equivalents between the
aqueous solution and the magnetite bulk implied surface recrystallization processes, thereby
affecting XMCD signals. This was evidenced through an oxidation-recharge cycle of the pristine

magnetite and by adding an excess of dissolved Fe(Il) to a stoichiometric magnetite suspension.
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The implication of the present work is twofold. First, it provides a more comprehensive
examination of the dynamic behavior of the magnetite-maghemite system in aqueous solutions.
Second, these results uncover a more accurate method for the determination of the stoichiometry
of nanosized magnetite particles (~ 10 nm) by XMCD. Therefore, for future studies, the present
results might be useful to further elucidate, for instance, the impact of magnetite stoichiometry on
the redox transformation of various organic and inorganic pollutants or the role of microorganisms

for magnetite stoichiometry.
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