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Fenton-like Reactivity on Fe3O4 Nanozymes Driven by
Charge Transfer and Interfacial Water

Verónica Muriel Sánchez, Enio Lima Jr., Juan Santiago Grassano,
Pablo Germán Lustemberg, Marco Antonio Morales Ovalle, Marcelo Vasquez Mansilla,
Juan Daneri, Darío Ariel Estrin, Elin Lilian Winkler,*
and María Verónica Ganduglia-Pirovano*

Magnetite (Fe3O4) nanoparticles, widely recognized as inorganic nanozymes
due to their enzyme-like catalytic activity, are emerging as effective
heterogeneous catalysts for Fenton-like reactions, in which lattice iron
activates hydrogen peroxide (H2O2) to generate reactive oxygen species.
While hydroxyl radicals (•OH) are generally considered the primary reactive
species, the underlying mechanism—particularly the possible involvement of
a high-valent ferryl intermediate (Fe4+═O)—remains under debate. Here,
surface-specific spectroscopy with density functional theory (DFT)
calculations is used to elucidate the mechanism of H2O2 activation on
Fe3O4(001) surfaces. It is found that •OH production is driven by electron
transfer from subsurface Fe2+ centers to adsorbed H2O2, accompanied by the
transient formation of a ferryl species. Moreover, interfacial water plays an
active role in modulating surface reactivity and stabilizing key reaction
intermediates. These findings clarify the origin of radical formation in Fe3O4

nanozymes and offer mechanistic insight to guide the rational design of
next-generation oxide-based catalysts for environmental and biomedical
applications.
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1. Introduction

Nanozymes −synthetic nanomaterials
that replicate enzyme-like catalysis,− have
rapidly evolved into a vibrant research
field, bridging nanotechnology, chem-
istry, and biomedicine. Since their initial
discovery, they have been reported to ex-
hibit a remarkable diversity of activities,
including peroxidase-, oxidase-, catalase-,
and superoxide dismutase–like functions.
Unlike natural enzymes, nanozymes are
not restricted to biological scaffolds, but
instead span a wide spectrum of mate-
rial classes, ranging from metals and
metal oxides to carbon-based nanoma-
terials and metal–organic frameworks.
This structural and compositional diver-
sity opens opportunities to tailor catalytic
performance for applications in areas as
varied as biosensing, environmental re-
mediation, and therapeutic intervention.[1]
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Among metal oxide–based nanozymes, magnetite (Fe3O4)
nanoparticles stand out due to their mixed-valence composi-
tion (Fe2+/Fe3+) and intrinsic magnetic properties, which facil-
itate efficient catalyst separation and reuse. These nanoparti-
cles (NPs) exhibit strong peroxidase-like activity, catalyzing the
decomposition of hydrogen peroxide (H2O2) under biologically
and environmentally relevant conditions.[2–9] Their catalytic be-
havior is primarily governed by Fe2+/Fe3+ redox cycling, sup-
ported by tunable surface chemistry, making them highly versa-
tile for applications in environmental remediation, catalysis, and
biomedicine.[10–16] Furthermore, Fe3O4 NPs can be engineered
to expose specific crystallographic facets, tailoring surface reac-
tivity, while their high surface-to-volume ratio enhances catalytic
efficiency.[17] Such structural tunability and surface accessibility
are particularly valuable for biomedical strategies that rely on lo-
calized reactive oxygen species (ROS) generation—such as an-
timicrobial treatments or oxidative stress-based cancer therapies
including ferroptosis[18,19]—as well as for environmental tech-
nologies involving pollutant degradation and advanced oxidation
processes.[20,21] Despite their broad utility, the mechanistic basis
for H2O2 activation on magnetite surfaces remains incompletely
understood. A long-standing debate concerns whether reactivity
proceeds via classical radical chemistry—commonly referred to
as the Haber–Weiss mechanism[22]—or through the formation
of a high-valent ferryl intermediate (Fe4+═O), analogous to those
observed in heme-containing enzymes.[23] These two routes carry
distinct implications for catalyst design, efficiency, and long-term
stability, particularly given the redox-driven transformation of
Fe3O4 into 𝛾─Fe2O3, which diminishes activity over time.[24] Un-
derstanding the atomistic origin of ROS production and transfor-
mations in Fe3O4 NPs is therefore essential for optimizing their
performance across technological domains.
The Haber–Weiss framework (Equations 1–3), established

following Fenton’s pioneering discovery in 1894,[25] describes
hydroxyl radical formation through Fe2+-mediated cleavage of
H2O2, subsequent substrate oxidation, and partial regeneration
of Fe2+ via a slower Fe3+ reduction step.[26–28]

Fe2+ (aq) +H2O2 (aq) → Fe3+ (aq) + ∙OH (aq) +OH− (aq) (1)

RH (aq) + ∙OH (aq) → ∙R (aq) +H2O (aq) (2)

Fe3+ (aq) +H2O2 (aq) → Fe2+ (aq)+HOO∙ (aq) +H+ (aq) (3)

While this radical-based chemistry has provided the foun-
dation for understanding Fenton reactivity, an alternative view
proposed by Bray and Gorin[23] emphasizes the direct gen-
eration of ferryl species (Fe4+═O), potent oxidants that can
drive substrate oxidation without •OH free radical intermediates
(Equations 4–5).

Fe2+ (aq) +H2O2 (aq) → Fe4+ = O (aq) +H2O (aq) (4)

Fe4+ = O (aq) + RH (aq) → Fe3+ −OH (aq) + ∙R (aq)

→ Fe2+ (aq) + ROH (aq) (5)

This ferryl-based mechanism is particularly intriguing be-
cause it parallels the catalytic cycles of peroxidases and cy-

tochromes P450, where high-valent iron–oxo intermediates act
as the primary oxidants.[29,30] Such analogies directly connect
magnetite nanozymes to enzymatic systems, raising the ques-
tion of whether their activity should be understood primar-
ily through radical chemistry or through peroxidase-like ferryl
pathways. Evidence for ferryl species has been reported both
on hematite surfaces[31,32] and, more recently, by Wan et al.[33]

on magnetite nanoparticles, where the PMSO probe method
confirmed their transient formation during H2O2 activation.
While such studies provide important precedent, direct spec-
troscopic detection of ferryl species remains challenging, and
it is not yet clear under which conditions radical-based ver-
sus ferryl-based pathways dominate. This uncertainty highlights
the need for combined experimental and theoretical approaches
to clarify the mechanistic origin of reactivity in magnetite
nanozymes.
A further challenge is the pHdependence of the homogeneous

Fenton reaction, which requires acidic conditions (pH < 4) to
suppress iron hydroxide precipitation. This has motivated inter-
est in heterogeneous Fenton catalysis using solid-phasemetal ox-
ides, particularly Fe3O4, which offer greater robustness.

[30] Mag-
netite adopts an inverse spinel structure, [Fe3+]Td[Fe

2+Fe3+]OhO4,
with octahedral Fe2+ ions central to redox activity. Nanoparticles
frequently expose the (001) facet. Among the low-index surfaces
of Fe3O4, the (001) and (111) facets are recognized as themost sta-
ble terminations, with the general trend in surface energies being
(100) < (111) < (110) across reasonable models.[34] Importantly,
the (001) facet undergoes a (√2×√2)R45° subsurface cation va-
cancy (SCV) reconstruction,[35] in which all outermost cations are
Fe3+. This termination has been shown to be especially stable in
the presence of water and under oxidizing conditions,[36–38] mak-
ing it a representative model surface for mechanistic studies of
H2O2 activation. These structural features pose a central mecha-
nistic question: can Fe3O4 (001) surfaces, which expose only Fe

3+

at the top layer, still catalyze hydroxyl radical formation—or does
their reactivity proceed via ferryl species more akin to enzymatic
nanozymes?
Recent studies suggest that reactivity on Fe3O4 surfaces is

not governed solely by surface composition. Dong et al.[24]

proposed a bulk-to-surface electron transfer mechanism in
which subsurface Fe2+ donates electrons to surface-adsorbed
H2O2, with redox cycling sustained through atomic diffusion—
a process coupled to gradual transformation into 𝛾─Fe2O3.
This transformation, however, diminishes the material’s
•OH-generating capacity,[24,39] highlighting the need to
understand charge transport mechanisms in nanoparticle
systems.
Density functional theory (DFT) studies have provided valu-

able insights into H2O2 decomposition on Fe3O4 surfaces. Cal-
culations on the (311) surface support the Haber–Weiss mecha-
nism as energetically favorable,[40] while others examining bulk-
truncated (001) surfaces or Fe3O4 clusters have proposed either
ferryl intermediates or adsorbed hydroxyl pathways.[41–43] How-
ever, these models often omit solvent effects,[40–43] despite the
known influence of interfacial water on surface structure and
reactivity.[36,37,44–46] Water adsorption studies show that even with
increasing hydration, only partial hydroxylation occurs, suggest-
ing a nuanced role of solvent in stabilizing intermediates and
modulating reactivity.
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This leaves several key mechanistic questions unresolved:
Does H2O2 cleavage proceed via homolytic or heterolytic bond
scission? Does a ferryl intermediate form under catalytically
relevant conditions? How does water modulate the energet-
ics and surface states? Can these surface reactions explain
the observed phase transition from Fe3O4 to 𝛾─Fe2O3 during
catalysis?
In this work, we address these questions through a com-

bined experimental–theoretical approach. Using facet-specific
synthesis of Fe3O4 nanoparticles that predominantly expose (001)
surfaces, we employ electron paramagnetic resonance (EPR)
to detect and quantify ROS, ferromagnetic resonance (FMR)
to monitor structural evolution, and DFT calculations with ex-
plicit solvation to map atomistic reaction pathways. Our find-
ings show that H2O2 decomposition is driven by electron trans-
fer from subsurface Fe2+ centers to adsorbed H2O2, form-
ing hydroxyl radicals and promoting nanoparticle oxidation.
We identify a metastable ferryl species (Fe4+═O), whose for-
mation parallels that in enzymatic systems, and demonstrate
that interfacial water significantly alters the reactivity landscape
by stabilizing key intermediates and modulating energy barri-
ers. These insights clarify the surface and subsurface mech-
anisms underlying Fe3O4-catalyzed ROS production and pro-
vide a foundation for rational design of nanozyme-based Fenton
catalysts.

2. Results and Discussion

2.1. Synthesis and Characterization of the Nanoparticles

The Fe3O4 nanoparticles were synthesized by thermal decompo-
sition of an organic salt precursor in the presence of benzyl ether
and oleylamine as surfactants. TEM images reveal that the as-
synthetized NPs exhibit uniform size distribution of 7.2±0.5 nm
and display polygonal morphology, with most particles present-
ing hexagonal 2D projections (Figure 1a,b). HRTEM images and
the fast Fourier transform (FFT) analyses reveal crystalline planes
that can be indexed to the (400), (220), and (111) reflections,
with surface terminationsmainly corresponding to the {111} and
{100} facets (Figure 1b–e; Figure S1, Supporting Information).
This is consistent with a truncated octahedral morphology, com-
monly observed under similar synthesis conditions.[17,47–49] Vari-
ations in the degree of octahedral truncation lead to different rel-
ative proportions of {111} and {100} facets.[47] Statistical analyses
of 2D nanoparticle projections indicate that ≈54% of the exposed
surface corresponds to {100} facets. Because the experimentally
predominant family is {100}, which includes the (001) plane, and
surface-science studies have shown that Fe3O4(001) reconstructs
under oxidizing aqueous conditions into the (√2×√2)R45° sub-
surface cation vacancy (SCV) structure,[35–38] we therefore adopt
the reconstructed (001)-SCV termination as the representative
surface model for the DFT mechanistic analysis.
X-ray powder diffraction (XRD) measurement confirms the

Fe3O4 single-phase spinel structure with Fd-3m space group
(Figure 1f). The Rietveld refinement yields a lattice parameter of
a = 8.3961(5) Å, which is in good agreement with the reported
values for magnetite.[48]

To assess the role of the iron ions’ oxidation state in the
reaction, a second system was prepared by oxidizing the as-

synthesized nanoparticles at 473 K in atmospheric air for 2 h.
This treatment resulted in an increased Fe3+ content while pre-
serving the spinel Fd-3m structure, thereby enabling a compar-
ative study of the influence of iron valency on catalytic reac-
tivity. The corresponding XRD pattern is shown in Figure 1f,
and the Rietveld refinement yield a lattice parameter of a =
8.350(1) Å, consistent with the reported values for 𝛾─Fe2O3
(8.33–8.34 Å).[49]

2.2. Reactivity and Free Radical Dynamics

The generation of free radicals during H2O2 decomposition
on Fe3O4 NPs was monitored using spin-trapping EPR spec-
troscopy with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) under
acidic conditions.[50,51] Hydroxyl and peroxyl radicals were quan-
tified based on their characteristic DMPO adducts, which ex-
tend their lifetime and produce distinct EPR signatures. How-
ever, these adducts undergo secondary oxidation over time. No-
tably, the DMPO-•OH adduct, the most abundant species, grad-
ually decays over time, as the rate of •OH radical formation be-
comes slower than the rate of adduct degradation in the later
stages of the reaction. The spectrum recorded 5 min after H2O2
addition (Figure 2a, top-left panel) reveals a convolution of EPR
signals from various free radicals, along with the signal from
the MgO:Mn2+ internal standard used for intensity normaliza-
tion. In the as-synthesized NPs, the •OH signal dominates the
EPR spectrum, presenting the characteristic 1:2:2:1 quartet pat-
tern associated with DMPO−•OH adducts. In contrast, •OOH
and •CH3 radicals are barely detectable (Figure 2a, central panel).
The •OH and •OOH radicals originate from H2O2 decomposi-
tion, while the •CH3 radical arises from secondary reactions of
oxygen-based radicals with dimethyl sulfoxide (DMSO), which is
used to dilute DMPO, as well as with residual organic material
present on the nanoparticle surface. This interpretation is sup-
ported by EPR spectra of samples in which organic surface coat-
ings were partially removed: under these conditions, the •CH3
signal becomes dominant (Figure S2, Supporting Information,
central panels), confirming its association with residual organics
and solvent interactions.
The •OH signal decays rapidly in Fe2+-rich NPs, decreasing

to ≈10% of its initial intensity within 40 min (Figure 2a). Con-
currently, ferromagnetic resonance (FMR) spectra of the same
samples reveal a shift in the resonance field (HR) from 3,450–
3,267 G (Figure 2a, right panel), corresponding to a reduction in
the anisotropy field (HA) from 546–369 G. This shift is consis-
tent with the complete oxidation of Fe3O4 to 𝛾─Fe2O3, which is
known to exhibit lower magnetic anisotropy.[52]

The XRD pattern of the nanoparticles collected after the reac-
tion (Figure 1f) further supports this conclusion, showing a peak
shift toward higher angles relative to the as-synthesized sample,
indicating a decrease in the lattice parameter. Rietveld refine-
ment yields a lattice parameter of a = 8.344(7) Å, consistent with
a reduction in the unit cell volume in agreement with the value
obtained for the thermally oxidized 𝛾─Fe2O3 sample. Critically,
these observations indicate that nanoparticle oxidation is driven
by electron transfer from subsurface Fe2+ species to H2O2, a pro-
cess that facilitates hydroxyl radical generation and links bulk
charge transport directly to surface reactivity.
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Figure 1. a) TEM image with size distribution histogram. b) Electron diffraction pattern indexed to the spinel structure with the nanoparticle geometrical
model. c) HRTEM image showing hexagonal projection consistent with truncated octahedral morphology. d) FFT of panel (c), highlighting (004) and
(220) planes. e) Inverse FFT reconstruction from the (400) diffraction spots, f) XRD pattern of the as-synthesized Fe3O4 nanoparticles and the oxidized
samples after Fenton-like reaction and thermal treatment.

In contrast, oxidized Fe3+-rich nanoparticles show a roughly
tenfold decrease in •OH production (Figure 2b). Under these
conditions, •OOH and •CH3 radicals persist at steady-state con-
centrations, consistent with the mechanisms described by Equa-
tions (3) and (1) (Figure 2b, central panel). It is worth noting that,
although Fe3O4 to 𝛾─Fe2O3 systems exhibit markedly different
signals at the beginning of the reaction, at longer reaction times

the normalized EPR area of the free radicals tends to converge to
similar values. This behavior is consistent with the interpretation
that, over extended reaction times, the reactivity becomes domi-
nated by Fe3+ species, which is slower and less efficient than the
Fe2+-mediated process, in agreement with the classical homoge-
neous Fenton mechanism. Unlike Fe2+-rich NPs, the FMR spec-
tra of Fe3+-rich nanoparticles remain unchanged following the
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Figure 2. Radical generation and magnetic evolution during H2O2 decomposition on Fe3O4 nanoparticles. a) As-synthesized sample after organic layer
removal. b) Oxidized sample. Left: EPR spectra 5 min after H2O2 addition. Center: Time evolution of •OH, •OOH, and •CH3 radical signals. Right: FMR
spectra at 0 and 60 min.

reaction (Figure 2b, right panel), indicating negligible changes
in the bulk sample—a characteristic feature of surface-limited
reactivity.
These results highlight the pivotal role of Fe2+ in driving •OH

radical generation during H2O2 decomposition, promoted by
Fe3O4 nanoparticles, through a mechanism reminiscent of the
homogeneous Fenton reaction. As Fe2+ is progressively oxidized,
the •OH radical concentration diminishes until reaching a satu-
ration point. Beyond this stage, the reaction is sustained by Fe3+

species, which exhibit markedly slower reactivity in both hetero-
geneous and homogeneous phases. Consequently, free radical
production in Fe3+-rich nanoparticles proceeds at a reduced rate,
governed by the limited redox activity of Fe3+-mediated pathways.

2.3. Molecular Mechanisms of Hydrogen Peroxide
Decomposition

To elucidate the reaction mechanisms of hydrogen peroxide de-
composition on Fe3O4 (001) surfaces, we performed systematic
electronic structure calculations at the DFT level. The fully op-
timized models shown in Figure 3 each contain one adsorbed
H2O2 molecule and correspond to three distinct surface condi-
tions: a) a dry SCV (001) surface, b) a hydrated SCV (001) surface
with a single water molecule positioned over the FeTd vacancy,
forming a hydrogen bond with the O(2c) site, and c) a hydroxy-
lated SCV (001) surface, modeled with three water molecules. In
the latter case, one water molecule is molecularly adsorbed, a sec-
ond dissociates to protonate anO(2c) site and hydroxylate an FeOh
site, and a third is placed above the FeTd vacancy. The placement
of the water molecules was chosen to promote interaction with
the H2O2 reactant and is consistent with previous studies.[33,40]

According to our calculations, the oxide surface retains the com-
position (Fe2+Oh)5(Fe

3+
Oh)21(Fe

3+
Td)13O56 across all models. All

surface-exposed iron atoms are in the Fe3+ state, while five Fe2+

ions occupy octahedral sites below the fourth atomic layer, con-
tributing to a total magnetic moment of 60 μB per unit cell.

Structural parameters and Bader charge analyses are provided in
Tables S1 and S2 (Supporting Information).
To gain insight into the H2O2 decomposition, we investigated

two distinct bond cleavage routes: hydroxyl (HO-OH) and per-
oxyl (H-OOH) dissociation. Figure 4a shows the reaction en-
ergy profiles, calculated using the climbing-image nudged elastic
band (CI-NEB) method for the three Fe3O4 (001) surface models.
Notably, for the hydroxyl pathway, we identified a well-defined
state featuring a ferryl species (Fe4+═O) and an adsorbed wa-
ter molecule, which is slightly more stable than the configura-
tion with two adsorbed hydroxyl radicals. This species, although
likely short-lived, supports the mechanistic relevance of an alter-
native pathway (Equation 4), indicating thatH2O2 decomposition
proceeds via a ferryl intermediate —even when the final state
consists of two hydroxyl groups, mirroring features observed
in enzymatic systems. Figure 4b presents top views of the key
reaction states, including reactants (R), transition states (TS1,
TS2), intermediates (I), and products (P1, P2), for the model
containing three water molecules. The proposed mechanisms
are illustrated in Scheme 1 and will be discussed below, be-
ginning with the case involving an adsorbed H2O2 molecule in
the absence of water, to subsequently address solvent effects on
reactivity.

2.4. Reactivity on the Dry Surface

2.4.1. Hydroxyl pathway (R–TS1–P1–I)

We propose that cleavage of the HO─OH bond results in the for-
mation of two adsorbed hydroxyl groups, each positioned over
a FeOh atom (Figure S3 and Video S1, Supporting Information).
The resulting product structure (P1) is more stable than the re-
actant state (R) by 0.66 eV, indicating an exothermic process
(Figure 4a). The calculated activation barrier for this transfor-
mation is 0.80 eV. In the P1 configuration, the two hydroxyl
groups form a hydrogen bond with each other, characterized by
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Figure 3. Figure 3. Optimized DFT models of Fe3O4 (001) surfaces with adsorbed H2O2: dry, hydrated with one water, and hydroxylated with three
waters. Top (a) and side (b) views are shown.

Figure 4. Reaction energy profiles and structures for H2O2 decomposition. a) Energy profiles for hydroxyl and peroxyl pathways on dry and hydrated
surfaces. b) DFT-optimized structures of key states (R, TS, I, P) with three water molecules; top views of the first three atomic layers are shown.
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Scheme 1. Mechanistic pathways of H2O2 decomposition on hydroxylated Fe3O4(001). Oxygen atoms from H2O2 in purple, from water in green. Iron
atoms color-coded by oxidation state (Fe2+ blue, Fe3+ yellow, Fe4+ pink). Solid boxes: optimized structures; dashed boxes: transition states.

an H1···O2 distance of 1.61 Å (Figure 5b; Figure S3, Supporting
Information).
Analysis of the local magnetic moments of the Fe cations and

atomic Bader charges along the reaction path (Figure 5c–e) re-
veals significant changes in P1 compared to R. The net Bader
charge associated with the H2O2 fragment decreases from ≈0.0
to −0.86 |e|, indicating increased electron density localized on
the oxygen atoms. Although the excess electron is distributed
across both hydroxyl moieties, Bader charge analysis suggests
it is more localized on the O2 atom. As a result, the two hy-
droxyl groups can be described as a radical (•O1H) and an anion
(O2H

−), consistent with the classical Haber–Weiss mechanism
(Figure 5e).
Strikingly, the P1 structure also exhibits a modified magnetic

configuration compared to R (Figure 5c). Specifically, the mag-
netization of a Fe2+Oh ion located in a deeper layer (Febulk) in R
shifts to a value consistent with that of a Fe3+ ion (Fe3+Oh) in P1—

rising from 3.68 𝜇B in R to 4.16 𝜇B in P1. Consistently, the Bader
charge of this cation (Febulk) increases from 1.44 |e| in R to 1.80 |e|
in P1 (Figure 5d). This change implies the occurrence of electron
transfer from the subsurface Fe2+Oh to the H2O2 moiety, taking
place near the transition state (TS1). The resulting excess charge
promotes O1—O2 bond cleavage and initiates the decomposition
process. This interpretation is further supported by the density of
states (DOS) of the TS1 structure (Figure S4, Supporting Infor-
mation). Projected DOS analysis reveals that the dominant con-
tributions near the Fermi level originate from the oxygen atoms
of H2O2 and the FeOh atom in the bulk that donates the electron,
initially in a Fe2+Oh state. The presence of partially filled states
at the TS1 suggests transient charge delocalization between the
adsorbate and the donor site. This electron transfer ultimately
drives the progressive oxidation of the nanoparticles, in agree-
ment with experimental observations of Fe3O4 transforming into
𝛾─Fe2O3.

Small 2026, 22, e07717 © 2025 The Author(s). Small published by Wiley-VCH GmbHe07717 (7 of 14)
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Figure 5. Hydroxyl pathway on the dry Fe3O4(001) surface. NEB-calculated reaction path from R to P1 and I. Panels show: a) relative energies, b) bond
lengths, c) magnetic moments, d,e) Bader charges, f) top view of TS1, and g) side view of the slab. The bulk Fe donating the electron is highlighted in
dark blue.

A second significant change in magnetization is observed
at a surface FeOh site (Fe1), in the structures following TS1
(Figure 5c). In the reactant state R, Fe1 exhibits a magnetic mo-
ment of 4.16 𝜇B and a Bader charge of 1.79 |e|, consistent with
a Fe3+Oh ion. In the P1 state, its magnetic moment decreases
to 3.61 𝜇B, corresponding to a configuration with four unpaired
spin-up electrons—formally compatible with either Fe2+ or a Fe4+

oxidation state. However, the Bader charge remains essentially
unchanged, indicating that Fe1 is not reduced to Fe

2+ and is in-
stead more consistent with a formal Fe4+ state. In contrast, Fe2
shows no significant change in eithermagneticmoment or Bader
charge, consistent with the formation of a Fe2

3+–O2H
−. The Fe1–

O1 bond length is 1.77 Å, significantly shorter than the Fe2–O2
bond, which measures 1.91 Å. This supports the interpretation
that Fe1 ultimately forms a ferryl species (Fe4+═O), which is typ-

ically associated with shorter Fe═O bonds than those found in
Fe3+–O or Fe2+–O configurations. This interpretation is consis-
tent with the ferryl intermediate reported for the {111} surface of
magnetite by Wan et al.[33] Motivated by this precedent, we per-
formed in situ IR spectroscopy to search for the characteristic
Fe4+═O stretching vibration predicted by our DFT calculations
at ≈765 cm−1. However, this region is dominated by broad Fe–O
absorption bands[53] (Figure S5, Supporting Information), which
mask any weaker ferryl signal. The inability to directly detect this
mode is consistent with the transient nature and low surface
concentration of ferryl intermediates. Taken together, the com-
putational evidence presented here and the available experimen-
tal precedents strongly support the plausibility of ferryl species
in Fe3O4-catalyzed H2O2 decomposition, while underscoring the
inherent challenges of their direct spectroscopic observation.

Small 2026, 22, e07717 © 2025 The Author(s). Small published by Wiley-VCH GmbHe07717 (8 of 14)
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To rationalize the electronic reconfiguration at the Fe1 site, the
system can be represented by the following resonance structures,
assuming formal oxidation states:

Fe1
3+ −OH∙ + Fe2

3+ −OH− ↔ Fe1
4+ −OH− + Fe2

3+ −OH− (6)

We note that this Fe1
4+─OH− + Fe2

3+─OH− state is distinct
from the well-defined state I (Figure S3, Supporting Informa-
tion), which corresponds to Fe1

4+═O+ Fe2
3+–H2O and features a

trueFe1
4+═O ferryl species at Fe1, with awatermolecule adsorbed

at the Fe2 site. This observation prompted a closer investigation of
the interconversion between hydroxyl and ferryl configurations.
We found that state I is energetically close to P1, with an energy
difference of only 0.05 eV. A NEB calculation between the two
states revealed no energy barrier, and no transition state could
be located, indicating that the system can transition between the
two configurations in a barrierless manner. Given the high reac-
tivity typically associated with ferryl (Fe4+═O) species, this state
is likely to be highly reactive and therefore short-lived—further
supporting its role as a transient intermediate along the reaction
pathway.
Structurally, the key differences between P1 and I lie in

the position of the shared hydrogen atom and in the Fe–O
bond lengths. In P1, the system adopts a Fe1

3+─OH···OH–
Fe2

3+ hydrogen bonding arrangement, whereas in I, it forms a
Fe1

4+═O···H─OH–Fe23+ configuration. The already short Fe1–
O bond length of 1.77 Å in P1 further contracts to 1.66 Å in I
(Figure 5b). Notably, themagneticmoment of Fe1 decreases from
3.61 𝜇B in P1 to 3.40 𝜇B in I, while the Bader charge remains
essentially unchanged—consistent with the formation of a ferryl
(Fe4+═O) species at the Fe1 site. These spin and charge evolutions
highlight the sequential transformation of surface FeOh sites and
support the coexistence of multiple redox species—Fe3+─OH−,
Fe3+–•OH, and Fe4+═O—along the reaction pathway. The trans-
formation between these states involves a hydrogen transfer be-
tween oxygen atoms, accompanied by an electronic rearrange-
ment at the Fe site.

2.4.2. Peroxyl Pathway (R – TS2 – P2)

For the cleavage of the H—OOH bond, we propose that a hydro-
gen atom is transferred from H2O2 to the closest O(2c) atom, re-
sulting in an adsorbed peroxyl species (Fe3+Oh−OOH) and a pro-
tonated O(2c) (Figure S6 and Video S2, Supporting Information).
The reaction has an activation barrier of 0.47 eV and is slightly
endothermic, with a reaction energy of +0.18 eV (Figure 4).
The net Bader charge for the peroxyl (OOH)moiety in the final

state P2 indicates a partial anionic character, with a value of−0.54
|e|. In contrast to the hydroxyl cleavage pathway, this process does
not trigger any significant rearrangement in themagnetization of
surface Fe cations (Figure S7, Supporting Information). Instead,
two concerted redox transitions occur between FeOh atoms in the
bulk: one Fe atom in the 13th layer is oxidized from Fe2+ to Fe3+,
concurrently with the reduction of a Fe3+ atom in the 11th layer,
while a second electron exchange occurs between FeOh atoms in
the 5th and 7th layers. As a result, this mechanism does not pro-
duce a net reduction of surface Fe sites, differing fundamentally
from the pathway proposed for the homogeneous Fenton reac-
tion (Equation 3). These findings suggest that regeneration of

Fe2+ via direct H2O2 decomposition is unlikely to occur on this
surface.

2.5. Solvent Effects on Reactivity

As the experimental reaction occurs at the solid-liquid interface,
the inclusion of solvent water molecules is necessary to accu-
rately represent the system. To this end, we investigated the role
of water in the reaction mechanism by performing simulations
of hydrated surface models, incorporating one and three water
molecules into the system (Figure 3; Figures S8, S9, S10, and S11
and Videos S3, S4, S5, and S6, Supporting Information). For the
hydroxyl pathway, the energy barrier is 0.86 eV with one water
molecule (Figure 4a), which is comparable to the barrier on the
dry surface (0.80 eV) and decreases to 0.66 eV in the model con-
taining three watermolecules. This reduction can be attributed to
stabilization of the TS1 structure by hydrogen bonding networks
(Figure 4b). In both hydrated models, the reaction becomes less
exothermic than that of the dry surface, with reaction energies
of −0.40 and −0.34 eV for the systems with one and three water
molecules, respectively, compared to −0.66 eV in the absence of
water. As in the dry surface case (O2─H1, Figure 5b), the P1 struc-
ture features a hydrogen bond between the adsorbed hydroxyl
groups, with O···H distances of 1.50 and 1.69 Å for the systems
with one and three water molecules, respectively (Figures S12
and S13, Supporting Information). In both cases, the hydroxyl
group acting as the hydrogen bond acceptor is the more nega-
tively charged species.
Similar trends to those observed on the dry surface are found

in the magnetization of the cations and in the atomic Bader
charges for the hydrated systems. A bulk Fe2+ ion donates an elec-
tron, and the H2O2 moiety becomes negatively charged. In the
P1 structures, the Fe1 site exhibits a magnetization compatible
with a Fe4+ oxidation state, while the associated hydroxyl group is
slightly more negatively charged than a typical free radical. This
behavior can be described by resonance structures of the form
Fe1

3+–O1H• ↔ Fe1
4+–O1H

−, as discussed above. For the systems
containing water, no significant energy barrier is found for the
interconversion between the P1 and ferryl I configurations. No-
tably, in the model with one water molecule, the I state emerged
naturally as a stable intermediate along the NEB path between R
and P1 (Figure S12, Supporting Information). However, in con-
trast to the dry surface, where the energy difference is −0.05 eV,
the I state becomes more stable than P1 by −0.14 and −0.19 eV
for the systems with one and three water molecules, respectively
(Figure 4a).
As noted above, the Fe4+═O ferryl state is likely to be tran-

sient due to its high reactivity, supporting its role as an interme-
diate. The transition from state I to P1 involves a proton trans-
fer from the water adsorbed at the Fe2 site; however, this is not
the only possible reaction pathway for the ferryl species. For in-
stance, water from the second hydration layer may react with
the ferryl oxygen, generating a hydroxyl radical directly in so-
lution without requiring desorption from the surface, according
to:

Fe4+ = O +H2O(aq.) → Fe3+ −OH− + ∙OH(aq.) (7)

Another possibility for the ferryl species is its reaction with an
additional H2O2 molecule (Figure S14, Supporting Information),

Small 2026, 22, e07717 © 2025 The Author(s). Small published by Wiley-VCH GmbHe07717 (9 of 14)

 16136829, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202507717 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [15/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

yielding a hydroxyl group adsorbed on Fe1
3+

Oh and a peroxyl rad-
ical released into the solvent:

Fe4+ = O +H2O2(aq.) → Fe3+ −OH− + ∙OOH(aq.) (8)

We performed a NEB calculation for this process using the
model containing three water molecules. The reaction is strongly
exothermic, with a reaction energy of−0.84 eV, and exhibits a very
small energy barrier—likely a consequence of the high reactivity
of the ferryl species (Figure S15, Supporting Information). In the
reactant state, the Fe1 atom (associated with the Fe4+═O moiety)
has a magnetic moment of 3.38 𝜇B and a Bader charge of 1.75 |e|.
Upon completion of the reaction, its magneticmoment increases
to 4.17 𝜇B, and the Bader charge rises to 1.83 |e|, indicating reduc-
tion to a Fe3+ oxidation state. This redox change occurs concert-
edly with the hydrogen transfer from H2O2 to the ferryl oxygen,
forming anOOHmoiety with a net Bader charge of –0.07 |e|, con-
sistent with its radical character. While the formation of peroxyl
species via this pathway depends on the transient availability of
the ferryl intermediate, it may become significant under condi-
tions of elevated H2O2 concentrations. This could account for the
small amounts of peroxyl radicals observed experimentally.
For the peroxyl pathway in themodel with one water molecule,

we propose that the proton fromH2O2 is transferred to the water
molecule, accompanied by a concerted transfer of a proton from
water to an O(2c) atom in a Grotthuss-like mechanism (Figure
S10, Supporting Information). In this configuration, the most
stable final state corresponds to the proton being transferred to
the O(2c) atom furthest from the FeOh–OOH group. This pro-
cess has an energy barrier of 0.38eV and a reaction energy of
−0.12 eV (Figure 4a; Figure S16, Supporting Information). The
corresponding transition state (TS2) exhibits an imaginary fre-
quency associated with the concerted proton transfers (Table S3,
Supporting Information), confirming the proposed mechanism.
In the model with three water molecules, one of the O(2c)

atoms is already protonated due to the prior dissociation of a
water molecule (Figures 4; Figure S9, Supporting Information).
As a result, the hydrogen from H2O2 has only one available ad-
sorption site. Similar to the dry surface case, we propose that the
proton is transferred directly to the nearest O(2c) atom, yield-
ing comparable values for the energy barrier and reaction en-
ergy (Figures 4a; Figure S17, Supporting Information). In both
hydrated models, no substantial changes in the magnetization of
the surface cations were observed (Figures S16 and S17, Support-
ing Information).
To evaluate the impact of bulk solvation, we combined the ex-

plicit three-water configurations with the implicit solvent model
in VASPsol++.[54] The results (Table S3, Supporting Informa-
tion) show that while implicit solvation preferentially stabilizes
charge-separated states such as the ferryl intermediate, the over-
all mechanistic trends remain unchanged compared to explicit
water alone. This indicates that our qualitative conclusions are
robust with respect to solvation treatment.

2.6. Desorption of Solvated Products

An accurate description of the solvent environment is essential
for analyzing product desorption. To address this issue, we per-
formed structural optimizations for both adsorbed and desorbed

configurations of the hydroxylated surface, including up to 12
explicit water molecules (Figures 6, 7, and Scheme 1). In the
desorbed state, the original adsorbed product was replaced by a
molecularly adsorbed water molecule on the corresponding FeOh
site, while the desorbed product itself was surrounded by sol-
vating water molecules. For comparison, we also computed des-
orption energies for the dry surface model (i.e., without water
molecules).
For the hydroxyl pathway products (P1), we evaluated the des-

orption energy of each hydroxyl groupwhile keeping the other ad-
sorbed on the surface. The hydroxyl bound to Fe1—the hydrogen
donor—exhibits a desorption energy of 0.22 eV (Figure 6). The
desorbed OH species retains radical character, with a net Bader
charge of ≈–0.1 |e| and a projected magnetic moment of –0.53
μB on the oxygen atom. The second hydroxyl, acting as the hy-
drogen bond acceptor, shows a slightly lower desorption energy
of 0.15 eV (Scheme 1). This species also displays radical charac-
ter in solution, with a net Bader charge of –0.3 |e| and an oxygen
magnetic moment of –0.47 μB. In both cases, the surface loses
one electron, resulting in a total of four Fe2+ ions in the slab. The
overall transformation from R to P4 (Scheme 1) follows the same
stoichiometry as the Haber-Weiss reaction (Equation 1):

Fe2+bulk +H2O2(ads) → Fe3+bulk + ∙OH(aq) +OH−
(ads) (9)

with the distinction that the OH− remains coordinated to an iron
cation in the heterogeneous context.
Desorption of the peroxyl species involves a higher energy cost

of 0.46 eV (P2→ P5, Scheme 1 and Figure 7). The solvated OOH
moiety exhibits anionic character, while the Fe3O4 surface retains
five Fe2+ ions in the bulk. Given the high pKa value of H2O2, this
anion is expected to be protonated and converted into H2O2 in
acidic aqueous conditions. The relatively high desorption energy
suggests that the Fe3+Oh–OOH configuration may exhibit signif-
icant stability. This could allow it to receive a proton from solu-
tion, potentially promoting O─OH bond cleavage and leading to
the formation of a ferryl intermediate and a water molecule—
analogous to the mechanism proposed in heme peroxidases (P2
→ I, Scheme 1). However, this step was not explicitly investigated
in the present study.
Notably, the solvent environment has a profound effect on

product desorption. In the absence of water molecules, the cal-
culated desorption energies are substantially higher: 2.44 and
3.14 eV for the two hydroxyl species, and 2.04 eV for the peroxyl.

3. Conclusion

By combining atomistic simulations with complementary ex-
periments, we establish a mechanistic framework for hydrogen
peroxide decomposition onmagnetite (Fe3O4) nanoparticles. Our
results show that the hydroxyl radical pathway predominates,
supported by agreement between EPR kinetics and DFT+U en-
ergetics. Simulations further suggest a transient involvement of
high-valent ferryl (Fe4+═O) species, potentially expanding the re-
action landscape beyond the classical radical mechanism.
Reactive species generation originates from electron trans-

fer between bulk Fe2+ and adsorbed H2O2, with explicit wa-
ter molecules modulating key proton transfer steps and stabi-
lizing intermediates. However, progressive Fe2+ oxidation leads

Small 2026, 22, e07717 © 2025 The Author(s). Small published by Wiley-VCH GmbHe07717 (10 of 14)

 16136829, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202507717 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [15/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 6. Adsorption and desorption of hydroxyl species on Fe3O4(001). Side views of optimized structures: fully adsorbed state (center), desorbed
O1H (left), and desorbed O2H (right).

Figure 7. Adsorption and desorption of peroxyl species on Fe3O4(001). Left: adsorbed OOH configuration. Right: desorbed OOH into the solvated
environment.

Small 2026, 22, e07717 © 2025 The Author(s). Small published by Wiley-VCH GmbHe07717 (11 of 14)
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to catalyst deactivation, consistent with the observed trans-
formation of Fe3O4 into less active 𝛾─Fe2O3. These findings
deepen our molecular understanding of how structure, sur-
face chemistry, and redox state govern reactivity in iron oxide
nanozymes. They also point to strategies for improving long-
term performance—such as Fe2+ stabilization through electron-
donating additives, surface functionalization, or photochemical
redox regeneration—supporting the development ofmore robust
and tunable Fenton-like catalysts for environmental and biomed-
ical applications.

4. Experimental Section
Synthesis of the Nanoparticles—Chemicals: The reagents used for

nanoparticle synthesis included iron (III) acetylacetonate (Fe(acac)3,
97%), oleic acid (≥98.5%, analytical standard), and benzyl ether (98%),
all purchased from Sigma-Aldrich or Supelco. To remove the organic coat-
ing formed during synthesis, the nanoparticles were washed sequentially
with methanol (≥99.5%), acetone (≥99.5%), and toluene (99.8%), also
obtained from Sigma–Aldrich. High-purity nitrogen gas (N2, 5.0 grade)
was supplied by White-Martins and used as an inert atmosphere during
synthesis.

Synthesis Protocol: Iron oxide nanoparticles were synthesized by ther-
mal decomposition of an organometallic precursor in benzyl ether. In a
3-neck round-bottom flask equipped with a mechanical stirrer, 2 mmol of
Fe(acac)3, 5 mmol of oleic acid, and 15 mL of benzyl ether were com-
bined and stirred under a continuous nitrogen flow (≈3.7 L min−1). The
mixture was gradually heated from room temperature to 300 °C at a rate
of ≈7 °C min−1. Once at reflux, the reaction was maintained for 5 h. After
completion, heatingwas stopped, the nitrogen flowwas turned off, and the
system was allowed to cool naturally to room temperature. The resulting
product was a dense, dark, homogeneous, and magnetically responsive
colloidal solution.

Due to residual oleic acid capping formed during synthesis, the as-
prepared nanoparticles exhibited hydrophobic behavior. To enable aque-
ous dispersion, the organic layer was removed using a two-step purifica-
tion process. First, the nanoparticles were dispersed in methanol for 8 h,
followed by chemical etching in acetone at 40 °C for 48 h. The successful
removal of organic residues was confirmed by Fourier transform infrared
(FTIR) spectroscopy.

NPs Structural Characterization: The morphology and size distribu-
tion of the nanoparticles were analyzed using transmission electron mi-
croscopy (TEM). Micrographs were acquired with a FEI Tecnai T20 and
Tecnai F30 microscopes, operated at 200 and 300 kV, respectively, at room
temperature. TEM samples were prepared by depositing a drop of a di-
lute nanoparticle suspension onto an ultra-thin carbon film supported on
a copper grid, followed by solvent evaporation under ambient conditions.

Particle size analysis was performed using ImageJ 1.54f software.
The diameter of each nanoparticle was estimated by fitting a cir-
cle to its outline, and the resulting size distribution was fitted to
a log-normal function to extract the mean diameter and standard
deviation.

Structural characterization was carried out by X-ray diffraction (XRD)
using a Bruker D8 Advance powder diffractometer equipped with a Cu K𝛼
radiation source (𝜆 = 0.1540593 nm), operating at room temperature. For
sample preparation, a concentrated suspension of washed nanoparticles
in toluene was drop-cast onto a rounded glass substrate and allowed to
dry completely prior to measurement.

Electron Magnetic Resonance Spectroscopy Measurements: Electron
paramagnetic resonance (EPR) and ferromagnetic resonance (FMR) spec-
tra were recorded using a Bruker ELEXSYS II-E500 spectrometer equipped
with an X-band resonant cavity (9.4 GHz), operating at 305 K. EPR spec-
tra were acquired with a 10 dB attenuation (corresponding to 20 mW mi-
crowave power) and a modulation field amplitude of 1 Oe.

Based on the reported pH dependence of Fe3O4 reactivity, optimal be-
tween pH 3.5–5.5;[55] and the onset of nanoparticle leaching below pH

5,[56] the EPR experiments were performed at pH 5 to ensure efficient rad-
ical generation while minimizing Fe3O4 dissolution. For this, nanoparti-
cle suspensions were prepared by dispersing 100 μg of Fe3O4 nanoparti-
cles in 200 μL of a 10 mm acetate buffer solution (pH 5). To this, 50 μL
of a 30% w/v solution of DMPO in DMSO was added as a spin-trapping
agent, followed by the addition of 5 μL of 30%H2O2 to initiate the reaction.
Spectra were recorded in quartz capillary tubes (Q-band, 1 mm internal di-
ameter), with each measurement including an MgO crystal doped with a
known concentration of Mn2+, which served as an internal reference stan-
dard for signal quantification.

Spectral analysis was performed using SPIN software (Bruker), follow-
ing a standardized fitting procedure. A third-order polynomial baseline
correction was applied to remove the ferromagnetic background signal
from the nanoparticles and resonator cavity. Paramagnetic resonance sig-
nals were then fitted using the hyperfine parameters corresponding to
five radical species: DMPO adducts of •OH, •OOH, and •CH3, along
with lines 3 and 4 from the six-line Mn2+ reference spectrum. Radical
identification was based on hyperfine coupling constants from the Spin
Trap Database of the National Institute of Environmental Health Sciences
(NIEHS, USA).[57]

Theoretical Methods—DFT+U Electronic Structure Calculations: Spin-
polarized density functional theory (DFT) calculations were performed
using the slab–supercell approach as implemented in the Vienna Ab
Initio Simulation Package (VASP, versions 5.4.4, 6.3.0, and 6.4.2).[58–60]

The Perdew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) was employed within the projector augmented wave (PAW)
framework,[61,62] with a plane-wave cutoff energy of 700 eV. The valence
states included Fe (3p, 3d, 4s), O (2s, 2p), and H (1s), while core elec-
trons were treated using the frozen-core approximation. To account for
strong electron correlation in Fe 3d orbitals, a Hubbard U correction of
3.8 eV was applied within the PBE+U framework, consistent with previ-
ous studies.[63,64] Long-range dispersion interactions were included via
the DFT-D3 scheme[65,66]

The Fe3O4(001) surface was modeled using the subsurface cation va-
cancy (SCV) reconstruction in a (√2×√2)R45° symmetry (Figure 3). The
slab consisted of 13 atomic layers and a vacuum spacing of at least 15 Å,
with in-plane lattice parameters fixed at 8.52 Å. A Monkhorst–Pack k-point
grid of 4 × 4 × 1 was used. All atomic positions were relaxed until forces
were below 0.05 eV/Å and total energy changes were less than 1 × 10−5
eV.

The oxidation states of Fe cations were estimated based on their lo-
cal magnetic moments, calculated as the difference between spin-up
and spin-down electron densities integrated over spheres with radii cho-
sen as the Wigner-Seitz radii of the PAW potentials. Magnetic moments
of ≈3.7𝜇B and ≈4.1𝜇B were used to identify Fe3+ and Fe2+, respec-
tively (Table S1, Supporting Information). For Fe4+, as in ferryl (Fe4+═O)
species, the magnetic moment (≈3.4 𝜇B) closely overlaps with Fe2+, so
Bader charge analysis was employed to differentiate between these oxi-
dation states (Table S1, Supporting Information). Table S2 (Supporting
Information) reports the average distances between iron cations and their
coordinated oxygen atoms in the dry SCV surface model, offering struc-
tural insight into the coordination geometry and oxidation states of the
different Fe sites.

To approximate the aqueous environment, explicit water molecules
were included in models of H2O2 decomposition on the recon-
structed Fe3O4 (001) surface. One or three water molecules were
added to the SCV model with adsorbed H2O2. In the three-water
model, a mixed molecular/dissociative adsorption configuration was
used, with an additional water molecule hydrogen-bonded to a sur-
face O(2c) atom, consistent with prior ab initio studies[37,46] and
favorable for interaction with reactive intermediates. To further as-
sess bulk solvation effects, the three-water configurations were ex-
tended with the linearized, local implicit solvent model implemented in
VASPsol++,[54] which accounts for electrostatic screening by the aqueous
medium.

Geometries of reactants, products, and intermediates were optimized
for both the hydroxyl and peroxyl cleavage pathways, as well as for
the formation of ferryl (Fe4+═O) species. All optimizations were car-
ried out on dry and hydrated SCV (001) models with zero, one, or three
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water molecules. Transition states (TS) along the reaction coordinates
were located using the climbing image nudged elastic band (CI-NEB)
method,[67,68] employing 6 to 18 images depending on pathway complex-
ity. Each TS was validated by the presence of a single imaginary frequency
(Table S4, Supporting Information).

To assess product desorption under aqueous conditions, additional
structural optimizations were performed for adsorbed and desorbed
states, including up to 12 explicit water molecules to represent solvation
effects.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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