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ENVIRONMENTAL STUDIES

Single rhenium atoms on nanomagnetite: Probing the
recharge process that controls the fate of rhenium in

the environment
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Alexandre Gloter’, Andreas C. Scheinost?, Kristina O. Kvashnina®, Kaifeng Wang'®,
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Understanding the redox transitions that control rhenium geochemistry is central to paleoredox and geochronol-
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ogy studies, as well as predicting the fate of chemically similar hazardous oxyanions in the environment such as
pertechnetate. However, detailed mechanistic information regarding rhenium redox transitions in anoxic systems
is scarce. Here, we performed a comprehensive laboratory study of rhenium redox transitions on variably oxidized
magnetite nanoparticle surfaces. Through high-end spectroscopic and microscopic tools, we propose an abiotic
transition pathway in which aqueous iron(ll) ions in the presence of pure or preoxidized magnetite serve as an
electron source to reduce rhenium(VIl) to individual rhenium(IV) atoms or small polynuclear species on nanopar-
ticle surfaces. Notably, iron(ll) ions recharged preoxidized magnetite nanoparticles exhibit a maghemite core and
a magnetite shell, challenging the traditional core-shell magnetite-maghemite model. This study provides a fun-
damental understanding of redox processes governing rhenium fate and transport in the environment and en-
ables an improved basis for predicting its speciation in geochemical systems.

INTRODUCTION
Rhenium (Re) is widely distributed in nature as a trace element, with
concentrations ranging from 7.29 to 8.19 pg/g in open seas (i.e., the
Pacific Ocean) (1). It is highly enriched in sedimentary rocks, where
concentrations range from 3 to 1000 ng/g (2), and it can reach up to
3 mg/g in porphyry copper deposits (3, 4). Redox conversions from
soluble Re heptavalent species [perrhenate (ReO4 )] to insoluble tet-
ravalent species [ReOy() or ReSy)] largely constrains the biogeo-
chemical behavior of Re. This redox reaction that leads to the
immobilization of Re is of importance in paleoredox studies, where
the isotopic signature of Re reduction is used to indicate O, fugacity
and for geological dating using the rhenium and osmium isotopic
ratio (5, 6). Beyond paleoenvironmental applications, Re is also crit-
ical in modern environmental contexts, particularly in nuclear waste
repository safety assessments and subsurface remediation efforts, as
it serves as an analog for the fission product technetium (Tc) (7, 8).
It has been reported that Re is primarily controlled by magnetite
in reduced sediments and arc magmas, environments that often ex-
hibit seawater-like pH values (around 8.1 or slightly basic) (9-11).
Magnetite nanoparticles, abundant under anoxic conditions, are
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mixed-valence spinel-type materials based on Fe** and Fe’* in octa-
hedral (Oh) and tetrahedral (Td) coordination, with the arrange-
ment of [Fe*™ ] ra[Fe* 1Fe? 1]on (12-16). This structure enables the
dynamic exchange of Fe** ions between solid and solution through a
topotactic oxidation/reduction process (17-19). Specifically, magnetite
can release Fe** into solution, and partially oxidized magnetite can
conversely take up Fe* ions from the solution to restore magne-
tite stoichiometry through a so-called “recharge” process (20, 21).
Thus, Fe** acts as a crucial electron carrier that facilitates electron
transfer into and out of the magnetite structure, substantially influenc-
ing the mobility and immobilization of redox-sensitive trace metals
such as Re in both natural and engineered systems (22-25). Notably,
magnetite has been shown to reductively precipitate trace metals such
as chromium, uranium, and selenium, often forming unique structures
such as surface nanowires (23, 26) or amorphous layers (27-29). How-
ever, the behavior of Re upon reduction by magnetite remains un-
known. Therefore, understanding the interactions between magnetite
and Re under environment-relevant conditions is crucial for predicting
its redox reactivity and deserves further exploration.

Questions remain regarding the mechanism of magnetite oxida-
tion and recharge. Oxidation of magnetite bulk single crystals involves
the outward diffusion of Fe** to the mineral surface where it is oxi-
dized, yielding a core-shell structure made of magnetite-maghemite
(14, 30-32). However, recent studies using surface-sensitive x-ray
magnetic circular dichroism (XMCD) on magnetite nanoparticles
have shown an outer shell enriched in Fe** (4 nm), while the core
would tend toward maghemite (33-36). This is opposite to the
magnetite-maghemite core-shell structure formed with bulk crystals
reported previously. Part of the challenge is that there is limited ex-
perimental evidence for distinguishing between magnetite and ma-
ghemite crystal structures. The lattice constants of the two minerals
differ by only 1%, the spinel lattice being retained in both cases,
and the extra charge left by the Fe** vacancy being neutralized by
the oxidation of Fe?* to Fe** in maghemite (37, 38). Consequently,
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cutting-edge techniques are needed to explore how the “recharging”
process works at the atomic level to determine whether aqueous Fe*"
[Fe** (.| is swapped with the inner structural Fe atoms in magnetite
or with the enriched Fe atoms on the surface. For that purpose, we
chose rhenium as a molecular reporter of the surface redox state, using
the soluble, weakly binding ReO4 ™~ oxyanion as the oxidant probe spe-
cies that, when reduced, deposits as relatively insoluble Re(IV) species.
To understand the role of structural versus Fe2+(aq), we examined the
interaction of ReO4~ with nanomagnetites that had been oxidized and
recharged to various extents, with and without additional Fe** ).

We examined the reduction kinetics and equilibrium speciation of
Re sorbed onto nanomagnetite in the presence of coadsorbed Fe2+(aq)
using a multimethod approach. Synchrotron-based x-ray absorption
near-edge structure (XANES) spectroscopy, extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy, resonant inelastic x-ray
scattering (RIXS), and surface-sensitive XMCD, along with bulk-
sensitive *’Fe Mossbauer spectrometry and spatially resolved scan-
ning transmission electron microscopy-high-angle annular dark field
(STEM-HAADF) with electron energy-loss spectroscopy (EELS),
were used to reveal the oxidation and recharging mechanisms of mag-
netite and the fate of Re. The systematic experimental findings expand
our understanding of iron-Re surface redox chemistry. By consider-
ing the charge and discharge mechanism of magnetite at the atomic
scale, this work provides important theoretical support for further
studies of redox recrystallization at mineral-water interfaces.

RESULTS AND DISCUSSION

Effect of Fe(ll) resupply and particle recharge

The surface properties and redox reactivity of magnetite in aqueous
environments were investigated by equilibrating nanomagnetite
with hydrogen peroxide (H,0,) at different concentrations to syn-
thesize preoxidized magnetite with a range of x values (x = Fe**/
Fe’* in the solid phase, so x = 0.5 for pure magnetite). The wet
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chemical results (table S1) show that the x values of preoxidized
magnetite are similar to those calculated on the basis of the H,0,
addition. °’Fe Massbauer spectrometry shows that the preoxidized
magnetite is formed of two phases, magnetite and maghemite, and
the fitting of the Mossbauer spectra further demonstrates the suc-
cessful synthesis of preoxidized magnetite with different oxidation
extents close to the expected x values (fig. S1 and table S1).

After establishing our ability to control the extent of preoxidation,
preoxidized magnetite nanoparticles ranging in stoichiometry were
exposed to Fe** solutions to “resupply” the surface with reducing
equivalents. The amount of Fe’* added was based on the amount
needed to bring the preoxidized magnetite (based on H,0, addition)
back to x = 0.5. The results show that most of the Fe2+(aq) was ab-
sorbed by the preoxidized magnetite (fig. S2). After correction with
the x values measured by the wet chemical method, the recharging
extent was calculated to be even higher than 100% (fig. S2). This is
because Fe** in solution not only acts as an electron donor to recharge
the preoxidized magnetite but part of the Fe** is also adsorbed onto
particle surfaces. The results of Mossbauer spectrometry confirm that
the preoxidized magnetite has been recharged and reverts to stoichio-
metric magnetite (fig. S3 and table S1). RIXS spectroscopy further
provides information about the distribution of total Fe in the bulk
materials (ordered and disordered Fe). Figure 1 (A and B) shows an
enlargement of the pre-edge features in the K-edge spectra of preoxi-
dized and recharged magnetite. These spectra have been created by a
diagonal cut across the RIXS plane at a constant emission energy
(CEE). The spectra have been normalized to highlight the differences
in spectral shapes. The pre-edge energy can be characterized by its
center of gravity (first moment) and is positioned at 7113 eV for the
divalent iron oxides and 7116.5 eV for the trivalent iron oxides (39).
The preoxidized magnetite exhibits a pronounced shift toward higher
edge energy (Fig. 1C), and in the CEE spectrum, the Fe(III) peak is
significantly higher compared to pure magnetite (Fig. 1D). Similarly,
for recharged magnetite, the absorption peak aligns with the peak in
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Fig. 1. Spectroscopic characterization of preoxidized and recharged magnetite. 1s2p RIXS planes of (A) x = 0.20 oxidized magnetite, (B) x = 0.20 recharged magne-
tite, and (C) related partial fluorescence-yield XANES extracted from RIXS planes using the signal at the maximum of the emission spectra, (D) CEE cuts of RIXS spectra,
and (E) Fe L,3 XMCD of preoxidized and recharged magnetite. Arb unit, arbitrary units.
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the spectrum for x = 0.5, demonstrating that the magnetite nanopar-
ticles are undergoing oxidation-recharging processes.

XMCD is sensitive to magnetically ordered Fe** and Fe’*, and all
Xeur values (Fe**/Fe’" ratio, with “sur” referring to the near-surface
region) of the preoxidized magnetite after reaction with added Fe**
are in agreement with the stoichiometry of the initial magnetite. The
recharging process for oxidized magnetite in presence of Fe** is con-
firmed (Fig. 1E). Preoxidation results in a decrease in intensity for the
peak corresponding to Fe** oy, accompanied by an increase in inten-
sity for the peak corresponding to Fe**qy, (Fig. 1E and table S1), sug-
gesting that the oxidation process is only a redistribution of electrons

between Fe in octahedral sites within magnetite. However, x,, values
only slightly decrease with increasing preoxidation extent of magne-
tite and are all greater than those measured by wet chemistry (table
S1), suggesting that the preoxidized magnetite forms an ordered
Fe(II)-enriched outer layer. This result contradicts the prevailing view
that the oxidation of magnetite leads to a core-shell magnetite-
maghemite structure (14, 30, 31) and confirms observations made on
similar magnetite particles (12, 17, 34). Spatially resolved STEM-
HAADF with EELS was used to investigate the mechanism of magne-
tite oxidation and recharging and to confirm the formation of a
Fe(II)-enriched surface layer (Fig. 2). The Fe L;-edge EELS spectra
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Fig. 2. Microscopic characterization and schematic illustration of preoxidized and recharged magnetite. Spim at the Fe L3-edge of (A to C) x = 0.2 preoxidized
magnetite, (D to F) x = 0.2 recharged magnetite, and (G) schematic illustration of magnetite oxidation and recharge. HAADF-STEM are in (A) and (D). The chemical shifts
measured at the Fe L3-edge are in (B) and (E). Spectra obtained at different positions (pos.) of the spim maps are shown in (C) and (F). a.u., arbitrary units.
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show clear chemical shifts in Fig. 2 (B and E). From the Fe L;-edge
EELS spectra collected at different positions in the spectrum-imaging
(spim) maps (Fig. 2, C and F), the peak position for the outermost
layer (position 3) has the lowest energy, corresponding to a higher
Fe(II) content. The layer beneath this (position 2) shows a mixture of
Fe valence states, as in magnetite, and the peak position for the spec-
tra collected in the core of the particle (position 1) has the highest
energy, corresponding to a higher Fe(III) content. Thus, the spim
maps confirm that both oxidized and recharged magnetite nanopar-
ticles have a reduced shell, containing more Fe(II), and an oxidized
core, containing more Fe(III). In addition, Mossbauer spectrometry
measurements of xp,k are basically consistent with those obtained via
wet chemistry, both of which show lower values than those detected
by XMCD. These results collectively confirm that the preoxidized
magnetite forms a core-shell structure of maghemite-magnetite.
Therefore, in contrast to the generally accepted magnetite oxidation
mechanism, the internal Fe(II) diffuses to the surface forming a
Fe(II)-enriched surface shell, with a highly oxidized core (Fig. 2G).
When there is sufficient Fe(II) in solution for replenishment, the oxi-
dized magnetite is recharged from the outside to regenerate magne-
tite. Moreover, the oxidation and recharging process only affects Fe
atoms in the octahedral sites in the magnetite structure.

Re reduction with Fe’*-recharged magnetite
After understanding the oxidation and recharging mechanisms of
magnetite, Re was introduced into the system containing Fe2+(aq) and
(preoxidized) magnetite to investigate the fate of Re under these cir-
cumstances. Previous studies have shown that magnetite is more
likely to dissolve at pH < 7.0 and to release Fe** due to proton-
promoted dissolution, whereas Fe** uptake by magnetite is more fa-
vored at pH > 8 (35). Thus, Re(VII) reduction experiments were
performed at pH 6.5 and pH 8.0 with different amounts of Fe** ad-
dition to understand the effects of pH and different sources of Fe**
(from dissolution or from external addition) on Re(VII) reduction
(fig. S4). The results show that at pH 6.5, magnetite dissolves and
Re(VII) is hardly adsorbed, regardless of whether Fe** is added to
the suspension. In contrast, at pH 8.0, more Re is adsorbed at in-
creasing Fe** concentration, and Re(VII) can be reductively sorbed
only when Fe®" is coadsorbed on magnetite. This suggests that pH
plays a critical factor in the adsorption of Re(VII) on magnetite, pre-
sumably because pH influences the adsorption of Fe** on magnetite
and, thus, the formation of a surface ternary complex and/or the re-
ductive coprecipitation of Re(VII). Consequently, we selected pH 8.0
for further investigations, as this pH not only favors Re sorption on
magnetite but is also environmentally relevant to several Fe-rich
natural systems, such as marine Fe-rich sediments and Fe-rich sub-
surface environments (40-42). Less than 10% Re(VII) is adsorbed on
preoxidized magnetite in the presence of 2.5 mM Fe** (fig. S5), as
2.5 mM Fe** is just enough to restore magnetite stoichiometry, i.e.,
2.15 mM Fe?* being required for x = 0.33 preoxidized magnetite to be
recharged to x = 0.5. Moreover, when the supply of Fe** is less than
that needed to restore the preoxidized magnetite, the coprecipitation
of Re on magnetite is impeded, even at low Re(VII) concentrations
(0.02 mM; fig. S6). These results confirm that an excess of Fe2+(aq),
beyond what is needed for recharging, is required for Re(VII) copre-
cipitation and reduction in preoxidized magnetite systems.

The added Fe** was then adjusted to 10 mM for all samples to
compare the reduction of Re(VII) by preoxidized magnetite nanopar-
ticles with a range of stoichiometries, in the presence of excess Fe*".

Ding etal., Sci. Adv. 11, eadq3650 (2025) 16 May 2025

Redox potential (Eh) and pH values were measured after 24-hour
equilibration of (preoxidized) magnetite with 10 mM Fe?* (fig. S7)
and are reported in the Eh-pH diagram calculated for Fe using the
Andra ThermoChimie database (Fig. 3A). The Eh-pH diagram indi-
cates that there was plenty of Fe** in solution to react with maghemite
for recharging under these experimental conditions. The results from
Mossbauer spectrometry further substantiate that the x = 0.20 pre-
oxidized magnetite has undergone complete recharge to the oxida-
tion state of the starting material (fig. S8 and table S1). More oxidized
(or less stoichiometric) magnetite takes up more Fe** (Fig. 3, B and
C, and fig. S9), along with slower but almost complete adsorption of
Re(VII) (Fig. 3, C and D). A higher initial concentration of Re leads
to more Fe** adsorbed on magnetite (Fig. 3, B and C), which means
that more Fe** is required for the reduction of the higher concentra-
tion of Re. The speciation of the resulting Re-solid species was ex-
plored using Re L;-edge XANES spectroscopy (fig. S10). The Re
Ls-edge XANES spectra show that 0.5 mM Re(VII) can be partially
reduced by x = 0.2 preoxidized magnetite in the presence of external
Fe’* after 10 days, while very little or no reduction is observed at a
Re(VII) concentration of 0.1 mM. On the other hand, Re(VII) can be
almost completely reduced to Re(IV) by pure magnetite (x = 0.5) in
the presence of 0.5 mM Fe*" after a 30-day reaction, while Re(VII) is
poorly adsorbed (only 1%) without additional Fe** and not reduced
at all on pure magnetite, which is consistent with the literature re-
ports that ReO4 is difficult to reduce by Fe oxides/hydroxides
(43, 44). These XANES results demonstrate that the addition of Fe**
significantly promotes the adsorption and subsequent reduction of
Re(VII) by pure/preoxidized magnetite, with the extent of reduction
increasing with the initial Re concentration.

Recent studies of contaminant reduction by Fe’*-amended Fe
oxides reported a linear relationship between the logarithms of re-
duction rate constants and solid phase reduction potentials when
electron transfer at the solid/solution interface occurs before or dur-
ing the rate-limiting step of the reactions. The linear free energy re-
lationship is also observed in this study. As shown in Fig. 3E, the rate
constants (log kops; data shown in fig. S11 and table S2) for Re(VII)
reduction were plotted versus the reduction potential (Ey) of (pre-
oxidized) magnetite suspension equilibrated with Fe** at pH 8. The
Ey value was estimated according to Egs. 1 and 2

¥ — Fe,0, 4+ 6H" 4 2™ = 2Fe** 4+ 3H,0 1)

Ey =185 — 177pH — 59log[Fe** | )

There is a linear correlation between log kops and pE (pE = En/
0.059, the negative logarithm of the electron activity) for Fe** re-
charged magnetite at pH 8 (Fig. 3E), suggesting that the electron
transfer process at the solid-solution interface is the rate-limiting
step for Re(VII) reduction by Fe** recharged magnetite. On the other
hand, Re(VII) reduction rates significantly increase with x value or
Fe’*,,,; concentration. The faster Re(VII) reduction rates reflect the
decrease of Ey; for preoxidized magnetite/Fe’* systems.

Insights into reaction mechanisms controlling Re speciation
at the interface

Since Fe2+(aq) cannot directly coprecipitate with Re(VII) to remove
Fe(ReOy), from the solution (fig. S12), the reductive removal of
Re(VII) requires first the adsorption of ReO,  onto the magnetite
surface or rather its coadsorption as a ternary surface complex with
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Fig. 3. Re reduction with Fe?*-recharged magnetite. (A) Eh-pH diagram of Fe species (4 mM) in 0.1 M NaCl matrix and the measured Eh and pH after 24-hour equilibra-
tion of (preoxidized) magnetite with 10 mM FeZ*, (B to D) Fe(,q) and Re(q) concentrations in (preoxidized) magnetite suspension with the presence of 10 mM Fe?* and 0.1
or 0.5 mM ReO,, at pH 8.0, (E) the logarithms of the reduction rate constants [log(kops)] (in liters per minute) as a function of the calculated Ey values of Fe”(aq)-amended
magnetite, pE = E/0.059, and (F) Fe,qs/Reads as a function of the value of x with 10 mM Fe?* (unless otherwise specified) at pH 8.0.

Fe’*. At pH 8.0, the magnetite surface is negatively charged
(pPHpze = 6.5), and it is difficult for ReO4™, which also carries a single
negative charge, to adsorb to the magnetite surface for reduction.
However, the Fe* addition leads to a drop in the surface negative
charge of pure/oxidized magnetite (fig. S13). This impact is slightly
mitigated by the addition of Re(VII), possibly attributed to electro-
static attraction and the coprecipitation of ReO,” and Fe’* on the

Ding etal., Sci. Adv. 11, eadq3650 (2025) 16 May 2025

magnetite surface. This finding is further supported by the promo-
tion (at t > 0) of Fe** adsorption at pH 8.0 upon the addition of Re
(fig. S4, A and B). The ratio of Fe adsorption to Re adsorption [Fe,q/
Re,q; where Fe,gs equals Fe** concentration after 24-hour pre-
equilibration minus the equilibrium concentration of Fe** after
Re(VII) addition] was calculated (Fig. 3F) and reflects the redistri-
bution of electrons between Fe2+(aq), Re(VII), and magnetite.
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Assuming that each system undergoes complete reduction of a
Re(VII) to Re(IV), which requires three electrons from Fe?*, an ob-
served Fe,qs/Re,gs ratio around 5 in pure magnetite system indicates
that part of Fe’* is adsorbed by magnetite, potentially facilitating
the overall electron transfer process, without contributing electrons.
However, this ratio decreases as the oxidation extent of magnetite
increases, implying that the adsorbed Fe** in the preoxidized mag-
netite system is also used for recharging the oxidized magnetite, in
addition to Re(VII) reduction. The value of Fe,qs/Re,qs is slightly less
than 3 with highly oxidized magnetite (x = 0), indicating that
Re(VII) adsorbed has not been fully reduced.

Assuming that Re is fully sorbed on the magnetite surface, we
calculated its maximum distribution density to assess whether suf-
ficient adsorption sites were available to support Re reduction. The
surface concentration of sorbed Re ranged from 0.43 to 2.15 atoms/
nm? (fig. $14). Given that the site surface density of magnetite is
3.1 sites/nm? (20), this indicates that there are sufficient sites for Re
sorption and that Re may be present as an incomplete monolayer on
the surface. HAADF imaging is sensitive to the atomic number of
elements (~Z'7), such that it is possible to discern individual Re at-
oms on top of the magnetite nanocrystals. On pure (i.e., fully re-
charged) magnetite particles, no distinct contrast is observed (Fig.
4A). However, individual surface Re atoms become discernible in
the sample containing 0.1 mM Re (Fig. 4B, points at the arrow ends).
In the case of x = 0.2 recharged magnetite with 0.5 mM Re, the Re
atoms form small clusters, such as dimers, or longer ordered chains
along the (111) crystallographic plane (Fig. 4C and fig. S15). Nota-
bly, the Re distribution is more pronounced in proximity to the edge
of the particle (Fig. 4D), thereby confirming the sorption of Re at
the surface of the magnetite. Re M-edge EELS was used to confirm
that the difference in contrast in the HAADF images was due to the
presence of Re, either for small clusters in the 0.5 mM Re sample
(Fig. 3, D to G) or even for individual atoms in the case of the 0.1 mM
Re sample (fig. S16).

Near the edge of the nanoparticles, Re dimers form clusters along
the [—220] direction (fig. S15A, yellow circles). The position of the
Re atoms often corresponds to a specific iron column (correspond-
ing to the highest iron density—thus bright color—along that pro-
jection). An atomic model (fig. S15, B to E) shows two Re atoms
(yellow), separated by a distance of ~0.30 nm, on top of these iron
columns, as observed in the STEM images. The STEM imaging indi-
cates that Re sits on top of (111) planes, as single atoms, dimers, or
longer ordering, notably along the [220] direction. Fe L3-edge EELS
spectra reveal the presence of a surface layer that is enriched in
Fe(II) with respect to the core of the particle, even after the reduc-
tion of Re(VII) at the surface of the recharged magnetite nanopar-
ticles (Fig. 4, H to J). However, the surface layer was more enriched
in Fe(II) for the recharged particles that had not been reacted with
Re(VII) (Fig. 2, D to F). This is because reductive sorption of Re oc-
curs on crystallographic edge sites, and this reductive adsorption
can “block” further Fe** sorption and/or result in the immediate
oxidation of Fe** with e being used to recharged magnetite. The Re
L;-edge EXAFS spectra (fig. S17) confirm the presence of second-
neighbor metal shell at a dg.. distance of 0.30 nm, with the metal
being either Re in Re oxide surface polymers (dge-re = 0.31 nm for
edge-sharing octahedra) for the 0.5 mM Re samples or Fe when Re
substitutes for structural Fe atoms at the surface (with dre_ge = 0.297 nm
for corner-sharing Fe octahedra) for the 0.1 mM Re samples, as
suggested by STEM-EELS data. This is consistent with previous
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literature showing that elements such as Tc and As can substitute for
Fe in the magnetite structure (45-48).

The combination of bulk and atomic scale techniques in this
study provided sufficient information to propose a conceptual mech-
anistic model for Re(VII) reduction by recharged magnetite (Fig. 5):
(i) Fe** in aqueous solution establishes ternary surface complexes
with ReO4~ at magnetite surface sites; (ii) Re(VII) is reduced along
the crystallographic plane, such as (111), by Fe(II)-enriched magne-
tite, resulting in individual Re atoms or small clusters formed along
(111) planes, with the core of the magnetite becoming oxidized; and
(iii) the oxidized magnetite is recharged from the outside to regener-
ate magnetite with sufficient Fe*" replenishment to achieve rapid
Re(VII) reduction.

Implications of the magnetite recharge process on Re
migration and transformation

The use of Re in paleoredox, geochronology, and environmental
studies requires a more comprehensive understanding of its geo-
chemistry. Solid-state cycling of Fe** o, and Fe’*o, in magnetite is
important for electron transfer between magnetite nanoparticles and
Fe”* in solution, and the recharging of magnetite by dissolved Fe**
suggests that magnetite may be an important—and rechargeable—
reductant for Re(VII) in ferruginous environments. Re(VII) behavior
will therefore depend on the complex interactions between the
chemical, hydrological, and physical conditions in the environment.
The extent of Re enrichment in anoxic sediments underpins its use in
the geological record and paleoenvironmental reconstruction (49).
Therefore, understanding the interaction of Re(VII) with commonly
occurring magnetite and Fe2+(aq) ions under anoxic conditions will
facilitate the interpretation of Re speciation data in geochronological,
paleoredox, and environmental studies. In modern environments
with elevated pollutant levels, the rapid removal of Re(VII) by Fe**-
magnetite reactions is crucial for nuclear waste repository safety and
the remediation of sites contaminated with radioactive Tc—an ana-
log of Re that has been shown to form zigzag polymers of reduced Tc
on magnetite surfaces (24, 50).

Re resources are mainly contained in porphyry copper deposits,
supplying ~80% of the Re mined (51). However, this study suggests
that the presence of magnetite in aqueous phase rich in Fe* will
lead to substantial Re deposition. The recharging mechanism is also
assumed to occur between sediment bacteria and inorganic electron
acceptors (52, 53). This phenomenon is known as the “biogeobattery
model” and can occur over long distances (at the meter scale). Along
with the reduction of iron oxides by sediment bacteria, it may ulti-
mately determine the fate of Fe and Re(VII) during redox cycling in
the environment. Re-containing phases cannot normally be detected
by x-ray diffraction due to their low content in the environment, but
the presence of Re as a surficial phase on minerals in an ore body, as
shown here in the STEM-EELS mapping for Re on magnetite, may
be widely overlooked. More work is needed to address the potential
role of these easily remobilized species in ore genesis and in situ re-
covery of Re from subsurface deposits.

We have shown that single Re atoms or small clusters form on
the magnetite surface with the addition of Fe**. This discovery pro-
vides a simple and environmentally friendly method for the prepa-
ration of single-atom catalysts or cluster catalysts. Single-atom
catalysts allow maximum atomic utilization and isolation of active
sites and have become a prosperous branch of catalysis research in
recent years. Re is often supported on CeO,, SiO,, and AL,O; as a
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Fig. 4. Characterization by spatially resolved STEM-EELS. (A to C) HAADF STEM images of the (A) x = 0.20 recharged magnetite and x = 0.20 recharged magnetite in
the presence of (B) 0.1 mM ReO,4~ and (C) 0.5 mM ReO, ™. Some parts of the images are shown after background normalization to enhance the sharp contrast associated
with individual or small clusters of Re atoms (yellow boxes). The HAADF-STEM images (D) before and (E) during the EELS spim acquisition, (F) chemical map from the Re
M-edges, and (G) the EELS spectra extracted from a region with and without rhenium of x = 0.20 recharged magnetite in the presence of 0.5 mM ReO,". (H to J) HAADF-
STEM and spim at the Fe L3-edges of x = 0.20 recharged magnetite in the presence of 0.1 mM ReO4".
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catalyst for water-splitting reactions or high value-added organic
synthesis processes (54, 55). Here, Fe?* serves as an electron donor
to supplement magnetite for the reductive precipitation of indi-
vidual Re atoms (as well as other metal oxidants), while magnetite
serves as a support for dispersing Re. The properties and applica-
tions of single-Re atom catalysts prepared by this method require
further investigation.

MATERIALS AND METHODS

Materials

Magnetite was synthesized using the coprecipitation method in the
N,-filled glove box (O, < 2 parts per million). Specifically, a total of
240 ml of 6 M NH3-H,O solution was slowly added into a 200-ml
mixture of 0.20 M Fe(II) solution (FeCl,-4H,O) and 0.4 M Fe(III)
solution (FeCls-6H,0) under stirring, and the resulting suspensions
were aged for 1 day on a rotary shaker. Then, the solid particles were
separated by a strong magnet and washed four times with degassed
and deionized water (DDW) and two times with 0.1 mM NaCl solu-
tion, successively; the latter one was also used for its storage in an
N,-filled glove box.

Different sets of partially oxidized magnetite (25, 50, and 100%)
were made by adding specific stoichiometric amounts of hydrogen
peroxide (30% H,0,) to oxidize structural Fe(II) to Fe(III). The ratio
of Fe(IT)/Fe(I1I) (x) in all synthesized magnetite and preoxidized mag-
netite was determined by acid digestion, followed by spectrophoto-
metric determination of dissolved Fe** using the 1,10-phenanthroline
colorimetric method, and total Fe was measured by inductively cou-
pled plasma optical emission spectrometry (ICP-OES).

Fe?" uptake experiments

For Fe uptake experiments on partially oxidized magnetite, 2.15 to
8.62 mM FeCl, was added to preoxidized magnetite suspensions
(2 g/liter) at pH 8.0 Hepes buffer [30 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], on the basis of the total amount
of Fe* needed to bring the partially oxidized magnetite to x = 0.5.
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After 3 days of continuous shaking to allow Fe(II) release and enter
the nanoparticles to reach equilibrium, 5 ml of suspension samples
were filtered through a syringe filter (0.22 pm) and used for ICP-
OES analyses. Solids were collected by vacuum filtration for fur-
ther characterization.

ReO, reduction experiments

ReO, reduction experiments were conducted at pH 6.5 MES buffer
[30 mM 2-(N-morpholino)ethanesulfonic acid] and pH 8.0 Hepes
buffer. Reduction experiments were initiated by adding 0 to 0.5 mM
ReOy4" to the suspension of (preoxidized) magnetite (2 g/liter) after
the 24-hour equilibration period with a certain concentration of
Fe?* (0 to 10 mM). At selected time intervals, 5-ml suspension was
sampled and filtered through a syringe filter (0.22 pm) and used for
ICP-OES analyses. Solid was collected by vacuum filtration for fur-
ther analysis.

Analytical methods
The pH of the suspension was measured using a combined glass
micro-pH electrode (Metrohm 6.0234.100) after calibrating with
pH 4.00,7.01, 10.00, and 12.00 standard solutions. Eh was measured
through a combined Pt-ring ORP electrode (Metrohm 6.0451.100),
calibrated with Zobell’s solution (200 mV at 25°C). Concentrations
of Re and Fe were analyzed using ICP-OES with a Varian 720-ES
instrument. Zeta potential was measured using a Zetasizer Nano ZS
instrument (Malvern Instruments, Malvern, UK).

>’Fe Mossbauer spectroscopy was used to determine the stoichi-
ometry of magnetite before and after the reaction. The measure-
ments were conducted at 77 and 300 K using a transmission
geometry setup, with a 925 MBq of y-source of °’Co/Rh mounted
on a conventional constant acceleration drive. The samples, con-
taining Fe (~5 mg/cm?), were prepared and sealed with epoxy glue
in a glove box. Subsequently, they were transferred under N,-filled
conditions. The hyperfine structures were analyzed using the cus-
tom MOSFIT program (56), which uses Lorentzian lines to fit mag-
netic sextets.

80of10



SCIENCE ADVANCES | RESEARCH ARTICLE

RIXS, XANES, and EXAFS data were collected at the Rossendorf
Beamline (BM20) of the European Synchrotron Radiation Facility
(ESRF). RIXS spectroscopy was used to characterize the distribu-
tion of total Fe in the bulk materials, including both ordered and
disordered Fe, with measurements conducted at the Fe K-edge. We
measured commercial magnetite and hematite as standards for
comparison, ensuring the accuracy and reliability of our results. Af-
ter data collection, the RIXS data were analyzed using PyXES soft-
ware, which allowed us to obtain an enlargement of the pre-edge
features in the K-edge spectra. This analysis involved extracting re-
lated partial fluorescence-yield XANES from RIXS planes using the
signal at the maximum of the emission spectra, along with diagonal
cuts across the RIXS plane at CEE for detailed examination (57). EXAFS
and XANES were used to investigate the chemical environment and
oxidation states of Re, performed at the Re L3-edge. NaReO, and
ReO, were analyzed as standards for reference. The x-ray beam en-
ergy was tuned using a Si(111) crystal pair in pseudo—channel cut
mode, controlled by a doubled crystal monochromator. Fluorescence
spectra were recorded using a high-purity germanium detector (Ultra-
LEGe, GUL0055, Mirion Technologies). For EXAFS and XANES data
analysis, we used the Athena software from the Demeter package (58).
All samples were double-face sealed using polyimide tape in an N,-
filled glove box. They were then mounted on a sample holder and
stored in an Nj-filled aluminum envelope before being transferred
to the vacuum experimental chamber. To mitigate the effects of ther-
mal disorder caused by atomic vibrations, the temperature was low-
ered to 77 K using a liquid N cryostat.

Samples used for XMCD measurements were prepared in the N,-
filled glove box. Magnetite was dried and loaded onto carbon tape
affixed to a sample holder. The sample manipulator was loaded into
the end station under anaerobic conditions. The sample was posi-
tioned with the x-ray beam entering parallel to the magnetic field and
perpendicular to the sample surface. X-ray absorption spectra at the
Fe L, 5-edges were collected at room temperature on beamline 4.0.2 at
the Advanced Light Source in Berkeley, CA using an eight-pole resis-
tive magnet end-station (59). Beamline 4.0.2 is equipped with an el-
liptically polarizing undulator source and a variable-included angle
monochromator, providing soft x-rays with a resolving power near
6000 at the Fe L, 3-edges (60).The x-ray absorption spectrum (XAS)
was monitored in total electron yield mode. At each energy point, the
XAS were measured for two opposite magnetization directions by re-
versing the applied field of 0.4 T. After normalization to the incident
beam intensity, the XMCD spectrum was obtained as the difference
between the two XAS (61). Following the collection of XMCD data, a
nonlinear least-squares analysis of the XMCD spectra was conducted
to quantify the surface-localized Fe?*/Fe’* ratios (xgy) of magnetite
(36, 62). To obtain the relative amounts of Fe on the three sites, the
experimental spectra were fitted by means of a nonlinear least-
squares analysis, using calculated spectra for each of the Fe sites (63).
The effective probing depth of XMCD is ~4 to 5 nm (33, 64), while the
particle size of the magnetite is around 15 to 20 nm. However, given
the exponential signal decay into the nanoparticles, it is reasonable to
assume that the XMCD spectra report primarily just on the upper few
angstroms of the nanoparticle surfaces (65).

Samples used for STEM-HAADF and EELS measurements were
prepared in the anaerobic chamber using diluted suspensions in
DDW. They were then dropped cast onto holey amorphous carbon Cu
grids (Agar Scientific Ltd.), left to dry in the anaerobic chamber, and
further dehydrated with a drop of ethanol. Samples were transferred
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to the Cs aberration—corrected STEM in a grid box wrapped in
parafilm, loaded into a double tilt FEI TEM holder, and inserted into
the STEM; the grid was exposed to air for approximately less than
60 s. The NION UltraSTEM200 operated at 100 kV and was coupled
with a high-sensitivity EEL spectrometer. The spectrum image was
obtained by analyzing the transmitted electron beam at each probed
position with the spectrometer. The total dataset was typically formed
by ~100 pixels by 100 pixels (spectra) with a beam spot size of 0.1 nm,
pixel sizes from 30 to 100 pm, and the acquisition time of each spec-
trum from 2 to 10 ms. In all cases, data were collected from clean GR
plates, those that were considered free of contamination and/or visible
stray iron (oxyhydr)oxide minerals of different valence ratios.
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