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Atomically Revealing Bulk Point Defect Dynamics in
Hydrogen-Driven y-Fe,O; — Fe;O, — FeO Transformation

Yupeng Wu, Dongxiang Wu, Wenhui Zhu, Xiaobo Chen, Zhikang Zhou, Zhilu Liang,
Shuonan Ye, Meng Li, Xiao Tong, Kim Kisslinger, Sooyeon Hwang, Dmitri Zakharov,

Renu Sharma, Judith C. Yang, and Guangwen Zhou*

Understanding how point defects in the bulk govern redox transformations is
essential for advancing hydrogen-based metal production and designing high-
performance oxide materials. This study reveals the atomic-scale mechanisms
driving hydrogen-induced reduction of y-Fe,O; to Fe;O,, focusing on

how bulk vacancy dynamics dictate structural evolution and reaction kinetics.
A key finding is the pronounced contrast in defect behavior between the two
oxides: in y-Fe, O, intrinsic Fe vacancies promote oxygen vacancy clustering,
destabilizing the local lattice and driving nanopore formation. In contrast,
Fe;O, exhibits a higher oxygen vacancy formation energy and lacks intrinsic
Fe vacancies, suppressing vacancy aggregation and maintaining a dense,
pore-free structure. This divergence governs distinct reduction pathways—y-
Fe,O; undergoes an interface-reaction-limited transformation confined to the
y-Fe,0; [Fe;O, boundary, while Fe;O, supports a uniform increase in oxygen

1. Introduction

The smelting of metallic iron has been piv-
otal in human civilization,['™* yet conven-
tional blast-furnace ironmaking remains
carbon-intensive, contributing ~7-9% of
global CO, emissions.>®! Hydrogen-based
reduction of iron oxides offers a transfor-
mative, low-carbon alternative by replac-
ing CO, emissions with water vapor as the
byproduct of the reduction reaction.’!*]
However, this process is inherently com-
plex due to the multiple oxidation states
of Fe, which give rise to a sequence of in-
termediate phases, including hematite (a-
Fe,0,), maghemite (y-Fe,O,), magnetite

vacancy concentration, enabling bulk-phase reduction to lower-oxide FeO.
Integrated in situ electron microscopy and density functional theory modeling
uncover a vacancy-mediated mechanism, where synergistic cation-anion
vacancy dynamics steer microstructure evolution and phase progression.
These insights highlight the critical role of vacancy dynamics in controlling
oxide reactivity and offer a pathway toward vacancy engineering to enhance
reduction kinetics in hydrogen metallurgy and to tailor porosity, reactivity,
and structural resilience in oxide-based catalysts and energy materials.
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(Fe;0,), and wiistite (FeO),' each ex-
hibiting distinct thermodynamic stabili-
ties and kinetic behaviors. Bulk measure-
ments such as temperature-programmed
reduction (TPR)*®! and X-ray diffraction
(XRD)[*1617] have established two princi-
pal reduction pathways: (i) Fe,O; — Fe;O,
— FeO — Fe, and (ii) Fe,0; — Fe;0, —
Fe (bypassing FeO). The choice of a given
pathway is influenced by temperature,
gas composition and pressure, crystallogra-
phy, and—critically—defect chemistry.['1°]

While previous in situ environmental transmission electron
microscopy (TEM) studies have provided atomic-scale insights
into the stepwise reduction of a-Fe,0; to metallic Fe,[2°24] key
mechanistic questions remain unresolved. In particular, under
H,, a-Fe,0; often undergoes a transient transformation into
y-Fe, 0, through progressive lattice oxygen (O) removal.[20:21:25]
This intermediate spinel structure contains a high concentra-
tion of intrinsic Fe vacancies, which may play a critical role
in driving defect formation and structural evolution. In con-
trast, Fe;O, lacks such intrinsic Fe vacancies and higher O
vacancy (V) formation energies—suggesting fundamentally
different reduction behavior compared to y-Fe,O,. However,
the interplay between vacancy dynamics, phase transitions,
and microstructural evolution in y-Fe,O; and Fe;O, remains
unexplored.

Here, we employ environmental TEM[?31 to directly visual-
ize the H,-driven reduction of y-Fe,0; and Fe,O, with atomic-
scale resolution. Our observations reveal a striking contrast in
defect behavior between the two phases: y-Fe,O; undergoes

26-31
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Figure 1. a-Fe,O; nanoblades: morphology, crystal structure, and phase transformations under H, reduction (500 °C, 0.5 Pa). a—c) Morphology and
crystal phase of as-prepared a-Fe,O; nanoblades formed by thermal oxidation of Fe foil: (a) Top-view SEM image; (b) Cross-sectional SEM image; (c)
Low-magnification TEM image of a representative a-Fe,O; nanoblade. The bottom-right inset shows the corresponding nanodiffraction, confirming
the a-Fe,O; phase. d—f) In situ TEM images tracking the reduction process in H,: (d) Pristine a-Fe,Os; (e) Intermediate state exhibiting co-existing
a-Fe,O3 and y-Fe,O; in a core-shell configuration. Moiré fringes (red lines) appear in the core region due to lattice overlap and double diffraction of
the two phases. The yellow dashed line indicates the approximate boundary between the a-Fe,O; core and the y-Fe, O3 shell. Nanopores are visible in
the thick region of the y-Fe,O; shell, while the thinner edge regions remain pore-free. Top-left inset: magnified view of the y-Fe,O; shell; bottom-left
inset: FFT pattern showing distinct reflections of a-Fe,O; (yellow), y-Fe,O; (white), and their double diffraction (red arrow); (f) Fully reduced to Fe;O,,
showing a dense, void-free lattice. Inset FFT patterns in d-f confirm the sequential phase transitions (Figure S1 and Table S1, Supporting Information

for electron energy loss spectroscopy (EELS) validation).

extensive nanocavity formation driven by vacancy clustering
around intrinsic Fe vacancies, whereas Fe;O, remains struc-
turally dense and largely free of porosity throughout reduction.
Rather than forming extended vacancy clusters, Fe,O, undergoes
a bulk phase transformation to FeO, initiated within the lattice in-
terior. This behavior stands in contrast to the y-Fe,0; — Fe;0,
transformation, which nucleates at the surface and is accompa-
nied by significant porosity within the y-Fe,O; matrix. These di-
vergent behaviors underscore the critical role of intrinsic vacancy
chemistry in controlling reduction pathways and kinetics. By
resolving real-time structural evolution during reduction, these
results provide mechanistic insights into H,-based ironmaking
and offer design principles for tailoring oxide defect chemistry
in applications ranging from metallurgy to catalysis and energy
conversion.

Adv. Funct. Mater. 2025, e19406 €19406 (2 of 14)

2. Results
2.1. In Situ TEM Observations

Figure 1a—c presents the morphology and crystal phase of as-
prepared a-Fe,O, nanoblades formed by oxidation of Fe foil at
600 °C in 270 Pa O, for 1 h. Figure 1a is a top-view scanning
electron microscopy (SEM) image, showing flower-like assem-
blies of a-Fe,O,; nanoblades. Figure 1b is a cross-section SEM
image of the oxidized Fe foil, revealing a multilayered oxide
scale with an inner Fe;O, layer and an outer a-Fe,O; layer. The
surface is covered with vertically oriented a-Fe,O, nanoblades.
Black arrows indicate nanoblade roots, which are embedded
below the grown a-Fe,O; overlayer. Figure 1c presents a low-
magnification TEM image of a representative a-Fe, O, nanoblade.
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The bottom-left inset shows the corresponding nanodiffraction
pattern, which can be indexed to the corundum structure of a-
Fe,O,. The diffraction pattern also reveals a bicrystalline struc-
ture within the nanoblade.[?0:2432]

Figure 1d—f presents in situ high-resolution transmission elec-
tron microscopy (HRTEM) images capturing the dynamic phase
evolution of a-Fe,0, nanoblades during reduction at 500 °C and
0.5 Pa H,. The corresponding fast Fourier transformation (FFT)
patterns (lower-left insets) provide crystallographic evidence for
sequential phase transformations. Figure 1d corresponds to pris-
tine a-Fe, O, exhibiting no visible Moiré fringes, consistent with
a largely homogeneous crystal lattice. Figure le captures an in-
termediate state, where both a-Fe,0; and y-Fe,O, coexist in a
core-shell configuration. The y-Fe,0; shell forms around the a-
Fe,0, core, resulting in overlapping lattice planes that gener-
ate weak but discernible Moiré fringes due to double diffraction
along the electron beam direction. These fringes serve as a key
indicator of phase coexistence. The yellow dashed line outlines
the approximate boundary between the core and shell regions.
The y-Fe,0; shell exhibits variable thickness, ranging from ~1
to ~5 nm along the edge. In contrast, the absence of such Moiré
contrast in Figure 1d confirms the pure a-Fe,O, phase before
transformation.

Notably, Figure 1d, e exhibits 1D superlattice features in the
top-middle region. These fringes arise from the ordered arrange-
ment of O vacancies. Under H, atmospheres, the removal of lat-
tice O generates vacancies that spontaneously self-organize into
periodic structures, forming an O-vacancy superlattice.[20-21:33-3¢]
In Figure le, nanoscale voids of varying sizes are also observed
within the y-Fe,O, phase—features absent in both a-Fe,0, and
Fe,0,. These voids are attributed to the aggregation of O vacan-
cies, a process facilitated by the intrinsic Fe vacancies naturally
present in the y-Fe, O, lattice.

Previous studies have confirmed that under reducing con-
ditions, a-Fe,O; undergoes a phase transformation to y-
Fe,0,,1202L5] inyolving a structural change from rhombohedral
to cubic symmetry. This reduction is driven by progressive re-
moval of lattice O. To maintain the overall Fe:O stoichiometry
of 2:3 during this transformation, Fe vacancies are introduced
into the y-Fe, O, lattice to compensate for O loss, thereby stabi-
lizing the resulting spinel structure. Our density functional the-
ory (DFT) calculations (described later) support this mechanism,
showing that Fe vacancies serve as energetically favorable nucle-
ation sites for O vacancy aggregation. This synergistic interaction
between defects reduces the energy barrier for void formation by
destabilizing the y-Fe,0; lattice, thereby promoting the nucle-
ation of nanoscale voids and accelerating the subsequent phase
transformation to Fe;O,. In contrast, the absence of such voids in
Fe, O, reflects its densely packed structure and greater resistance
to vacancy formation and clustering. These observations high-
light the critical role of defect interactions in governing phase
stability, vacancy dynamics, and transformation pathways during
reduction.

Upon exposure to H,, y-Fe, 0, undergoes progressive O loss,
leading to the formation of a high concentration of O vacan-
cies. A portion of these vacancies migrates into the bulk, where
they interact with pre-existing Fe vacancies to form nanoscale
voids. Figure 2a—c shows that the y-Fe, O, surface undergoes pro-
gressive decay and shrinkage during the reduction of y-Fe,O,
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at 500 °C and 0.5 Pa H,. After 547 s, the white dashed line in
Figure 2c recedes significantly compared with the original sur-
face in Figure 2a (purple dashed line). This surface degradation
is attributed to O vacancies generated by H, reacting with lattice
O to form H,O. As vacancies accumulate, the surface becomes
unstable, leading to local collapse and Fe atom emission. In the
environmental TEM geometry, gas molecules interact with all
exposed surfaces; thus, surface-driven vacancy formation refers
broadly to accessible surfaces rather than any specific facet ori-
entation.

In addition to driving surface shrinkage, surface-generated
vacancies diffuse inward, ultimately leading to porosity in the
bulk. Notably, the subsurface (%10 nm) remains free of porosity
throughout extended exposure (~9 min), while voids are confined
to the deeper bulk (Figure 2b,c). The increased distance between
the initial surface (purple dashed line) and the marked voids in-
dicates preservation of the porosity-free subsurface layer during
surface retreat and void migration. This suggests a dynamic equi-
librium where vacancy depletion at the surface is balanced by
replenishment from the bulk, suppressing clustering near the
surface but allowing accumulation deeper inside. Once the su-
persaturation threshold is exceeded—facilitated by intrinsic Fe
vacancies—voids nucleate and coalesce, leading to cyclic vacancy
migration and clustering and ultimately a porous microstructure.
This progression of surface decay and bulk porosity is consis-
tently observed across multiple regions and samples (Figure S2,
Supporting Information).

Instead of collapsing into voids, the progressive accumulation
of O vacancies in the surface regions triggers a localized, surface-
mediated phase transformation to Fe;O,. This mechanism is
supported by the formation of Fe,O, surface bulges on y-Fe,0,
nanowires following reduction in H, (Figure S3, Supporting In-
formation). These surface features mark the nucleation sites of
Fe,0,, confirming that the transformation initiates preferentially
at the surface rather than in the bulk. This observation aligns with
our previous study!?!] and highlights the critical role of rapid sur-
face O depletion in driving the y-Fe,O; — Fe;0, transition. The
spatial separation of bulk void formation and surface phase trans-
formation reflects distinct pathways of vacancy evolution at the
surface and in the bulk under reducing conditions.

Figure 2d-h presents in situ HRTEM images capturing the dy-
namic evolution of vacancy clusters (voids) in the y-Fe,O; bulk
under the same reducing conditions. Initially irregularly shaped
voids gradually develop into faceted geometries bounded by low-
index {111} and {110} planes (inset FFT, Figure 2h), which are
known to possess lower surface energies,”*8! consistent with
negative crystals that mimic the host lattice symmetry. Such
faceting reflects anisotropic vacancy diffusion, clustering, and lat-
tice dissolution along low-energy planes,**?! in accordance with
Wulff construction principles.

The observations reveal three dynamic behaviors: nucleation,
growth, and dissolution. As shown in Figure 2d—g, two voids of
similar initial size evolve differently—one grows then dissolves
within 274 s, while the other gradually shrinks—highlighting lo-
cal differences in vacancy supply. Void growth occurs when the
surrounding lattice is enriched in vacancies, whereas dissolu-
tion arises when the local concentration drops below the stability
threshold. When the vacancy concentration exceeds supersatura-
tion, new voids nucleate spontaneously.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Dynamic evolution of surface morphology and vacancy clusters in y-Fe, O during reduction at 500 °C under 0.5 Pa H,. a—c) Sequential HRTEM
images (Supplementary in situ TEM Video S1, Supporting Information) showing gradual surface shrinkage and the absence of pore formation in the
subsurface region (210 nm beneath the outermost surface). White dashed lines trace the evolving surface profile, while the purple dashed lines mark
the initial surface position at ty. Black dashed lines approximately delineate the boundary between the porosity-free subsurface layer and the deeper bulk
region where nanoscale voids form. d—h) Time-resolved HRTEM images (Supplementary in situ TEM Video S2, Supporting Information) capturing the
nucleation, growth, migration, and dissolution of vacancy clusters in the y-Fe,O; bulk. Two representative regions are highlighted: white dashed circles
track dissolving vacancy clusters, while blue dashed rectangles follow growing vacancy clusters. Inset in (h): corresponding FFT pattern. i) Temporal

evolution of vacancy clusters 1 and 2 labeled in (d-h).

This mechanism is illustrated in the blue-dashed region
(Figure 2d—g): two preexisting voids intensify in contrast as they
grow, while a new void nucleates ~113 s and expands, indicat-
ing 3D vacancy aggregation. The coexistence of new and growing
voids contradicts classical Ostwald ripening, where larger clus-
ters grow at the expense of smaller ones, and instead underscores
the central role of vacancy flux in the oxide lattice.[***] Quanti-
tative analysis (Figure 2i) further shows contrasting trajectories:
void 1 fluctuates then dissolves, while void 2 grows steadily, ac-
companied by nucleation of smaller voids nearby. These behav-
iors reflect the delicate balance of vacancy supply, with growth,
nucleation, and dissolution governed by local concentration dy-
namics rather than equilibrium coarsening. Importantly, the FFT
in Figure 2h confirms that the y-Fe,0; lattice remains stable
without transformation to Fe;O,.

Figure 3 presents in situ high-resolution (HR) TEM images
capturing the atomic-scale structural evolution during the reduc-
tion of y-Fe, O, to Fe;O, at 500 °C and 0.5 Pa H,. In Figure 3a—e,

Adv. Funct. Mater. 2025, e19406 €19406 (4 of 14)

two distinct lattice regions coexist, separated by an interface
exhibiting slight Moiré fringes, indicative of overlapping lat-
tices in the interface region. The corresponding FFTs (insets in
Figure 3a,b) confirm cubic symmetry in both regions, consistent
with the y-Fe,O; and Fe;O, phases, respectively. In agreement
with observations in Figure le f, the y-Fe,O, region (upper left)
contains nanoscale voids (appearing as bright contrast). In con-
trast, the Fe;O, region (lower right) displays uniform contrast
with no porosity, indicating minimal O vacancy formation and
aggregation in this phase. These observations suggest that the
reduction is predominantly localized within the y-Fe, O, phase at
this stage. This interpretation is further supported by DFT mod-
eling (discussed later), showing that y-Fe,O; has a lower O va-
cancy formation energy than Fe;O,, making it more susceptible
to reduction.

The cyan dashed lines in Figure 3a—e mark the initial y-
Fe,0,/Fe;0, interface position observed in Figure 3a, while the
white dashed lines indicate this initial position in subsequent

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. In situ HRTEM imaging of the y-Fe,O; to Fe;O, transformation during reduction at 500 °C and 0.5 Pa H,. a—e) Time-resolved HRTEM
images (Supplementary in situ TEM Video S3, Supporting Information) capturing dynamic y-Fe,O;3/Fe;O, interface migration during the topotac-
tic phase transformation. Bottom-left insets in (a,b) correspond to FFT patterns of the yellow-boxed regions, confirming phase identification of y-
Fe,0; and Fe;O,. White dashed lines track the advancing y-Fe,O;/Fe;O, interface, while the cyan dashed lines mark the initial interface position at t.
f) Time-dependent interface displacement distance, with error representing standard deviation uncertainties based on multiple measurements at dif-
ferent locations. g) Zoomed-in HRTEM image of the y-Fe, O3 /Fe;O, interface, showing tilted yet continuous one-to-one lattice plane matching across
the interface. h) Atomic model illustrating the nearest O diffusion pathway within the y-Fe,O; bulk viewed along the [100] direction. i) Atomic model
showing the nearest O migration pathway from the y-Fe, O lattice toward the y-Fe, O3 /Fe; O, interface, viewed along [100]. j,k) NEB calculations of the
diffusion energy barriers for O vacancy migration within the y-Fe,O3 (j) and toward the y-Fe, O3 /Fe;O, interface (k), corresponding to the pathways
depicted in (h) and (i), respectively.
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images to track the interface migration over time. A compari-
son of these positions reveals that the interface advances ~2 nm
into the y-Fe,O, region over an 8 s interval, indicating that y-
Fe, O, serves as an intermediate that gradually reduces to Fe,O,.
This interfacial transformation is driven by the reaction of lat-
tice O with adsorbed H at the y-Fe,O; surface, producing H,0
and generating O vacancies. Some of these vacancies contribute
to surface shrinkage (Figure 2a—c) or Fe;O, nucleation (Figure
S3, Supporting Information), while others migrate inward, pro-
moting nanovoid formation in the bulk or advancing the y-
Fe,0,/Fe;0, interface. This surface-to-bulk vacancy migration
is consistent with prior reports in related oxide systems.[*6-#8
The prominent void formation observed in the y-Fe,O, re-
gion suggests that excess O vacancies accumulate and cluster
within the y-Fe,O; lattice, reducing their availability for the y-
Fe,0,/Fe; 0, interface migration. This implies that the clustering
of O vacancies within the y-Fe,O, bulk competes with vacancy
flux to the y-Fe,0,/Fe;0, interface, thereby impeding the over-
all interface propagation and slowing the phase transformation
kinetics.

Figure 3f quantifies the displacement of the y-Fe,0,/Fe;0,
interface over time, revealing a linear progression at a rate of
~0.2 nm s7'. This linearity suggests that the transformation ki-
netics are governed by interfacial reaction processes, rather than
by bulk diffusion. In a diffusion-limited process, one would ex-
pect a non-linear acceleration in interface migration as the y-
Fe,0, region shrinks and diffusion paths shorten. Additional
support for interface-controlled kinetics comes from the persis-
tent presence of voids in the y-Fe,O; region. These voids arise
from the clustering of excess O vacancies that are not fully con-
sumed at the advancing interface. If bulk diffusion were the rate-
determining step, we would expect a steady and uniform flux
of O vacancies migrating from the y-Fe,O; region toward the y-
Fe,0,/Fe;0, interface, where they would be consumed to sustain
interfacial Fe; O, growth. Under this scenario, significant vacancy
accumulation and void formation within the y-Fe,O; bulk would
not occur. However, our in situ observations clearly show exten-
sive nanovoid formation in the y-Fe,O; interior, indicating that
O vacancies are not rapidly annihilated at the interface. This sup-
ports the conclusion that bulk diffusion is not the rate-limiting
step and that the interfacial reaction kinetics govern the overall
transformation. Therefore, the slower kinetics of the interfacial
reaction impede this vacancy annihilation, leading to a buildup
of excess O vacancies within the y-Fe,O, bulk. Once these va-
cancies become supersaturated, they subsequently aggregate into
nanoscale voids. Thus, the combination of (i) the linear inter-
face displacement and (ii) the formation of voids in y-Fe, O, ob-
served consistently across multiple independent samples (Figure
S4, Supporting Information), provides compelling evidence that
the phase transformation from y-Fe, O, to Fe;O, is governed by
interfacial reactivity rather than bulk vacancy diffusion.

Figure 3g presents a zoomed-in view of the y-Fe,0,/Fe;0, in-
terface, revealing a coherent, one-on-one alignment of the (110)
lattice planes across the interface, despite a slight angular mis-
match. In situ HRTEM imaging (Figure 3a—e) confirms that
this coherent interface configuration is maintained throughout
the phase transformation, indicating a topotactic relationship—
where the crystallographic orientation is preserved during the
structural reorganization from y-Fe,O; to Fe;0,.
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Figure 3h illustrates the migration pathways of O vacancies
within the y-Fe,0; bulk, while Figure 3i shows an atomic model
of the y-Fe,0,/Fe;0, interface constructed based on the exper-
imental structure in Figure 3g. In building this model, the Fe
sublattice is chosen as the structural framework, since y-Fe, O,
can be regarded as a defect derivative of Fe;O, that preserves
the same inverse spinel Fe framework but incorporates ordered
Fe vacancies at the octahedral sites. This model highlights that
the Fe sublattices remain structurally continuous across the in-
terface, implying that the phase transformation requires only the
removal of O from the y-Fe, O, without disrupting or rearranging
the Fe framework, consistent with experimentally observed co-
herent the y-Fe,0,/Fe, 0, interface (Figure 3g). These diffusion
pathways shown in Figure 3h,i represent the shortest routes for O
vacancy migration between neighboring lattice O sites. The phase
transformation proceeds via the loss of lattice O at the interface,
reducing the local O content to match the Fe,;O, stoichiometry.
This is accomplished through the migration of O vacancies from
the adjacent y-Fe, O, lattice toward the interface, which is coupled
with a compensatory migration of lattice O from the interfacial
region back into the y-Fe,O; bulk. This exchange facilitates the
interfacial reduction of y-Fe, O, into Fe,;O,, while preserving the
Fe lattice continuity.

Based on the two models in Figure 3h,i, we perform nudged
elastic band (NEB) calculations to evaluate the energy barri-
ers associated with the O vacancy diffusion in two key regions:
within the y-Fe,O; bulk and from the y-Fe,O, lattice toward
the y-Fe,0,/Fe, 0, interface. These calculations aim to uncover
the atomic-level origin of the interfacial reactivity that governs
the rate-limiting step in the phase transformation. As shown in
Figure 3j, the diffusion barrier for O vacancies within the bulk
y-Fe,0; is calculated to be 1.45 eV, indicating relatively facile
migration in the interior of the lattice. In contrast, Figure 3k
shows that the energy barrier for O vacancy migration from the
y-Fe,0; bulk to the interface is significantly higher, at 3.34 eV.
This substantial increase in activation energy near the interface
suggests that O vacancy transport becomes increasingly hindered
as it approaches the y-Fe,0,/Fe;O, boundary. The pronounced
difference in diffusion barrier supports the interpretation that
the phase transformation is not limited by bulk vacancy diffu-
sion but is instead governed by interfacial reaction kinetics. This
mechanistic insight is consistent with experimental observations
of linear interface migration and vacancy accumulation in the y-
Fe, O, bulk, providing a coherent explanation for the interface-
controlled reduction behavior observed during the y-Fe,O; to
Fe, 0O, transformation.

Figure 4 shows in situ TEM observations that further clarify
the difference in H,-driven phase transformation pathways be-
tween y-Fe, 0, and Fe;O,. Two distinct features are revealed dur-
ing the reduction: (1) Pore formation: A region enclosed by white
dashed lines shows the gradual development of a cavity within
Fe;0,. Despite the growth of this pore, the surrounding lattice
maintains well-defined Fe;O, fringes and interplanar spacings,
with no observable lattice distortion or contraction. This consis-
tency confirms that the contrast arises from a structural void
rather than a phase transformation, identifying the feature as
a true pore. (2) FeO nucleation: In a nearby region (outlined in
black), a different type of contrast emerges, marked by a reduc-
tion in interplanar spacing and a change in lattice symmetry. FFT
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Figure 4. Dynamic evolution of FeO nucleation and pore formation within Fe;O, bulk during reduction at 500 °C under 0.5 Pa H,. a—g) Time-resolved
HRTEM images (Supplementary in situ TEM Video S5, Supporting Information) showing the gradual development of a structural pore (outlined in
white) and the nucleation and growth of FeO (outlined in black) in a separate nearby region. h,i) Corresponding FFT patterns taken from the pore (h)

and FeO (i) regions, respectively. j) Temporal evolution of the FeO size, extracted from the black-marked region in (a—g).

analysis (Figure 4h,i) further distinguishes the two regions: the
pore region shows {002} and {111} reflections consistent with
Fe,0,, while the FeO region lacks these reflections and instead
displays only {004} spots—consistent with the rock-salt structure
of FeO. These differences confirm the nucleation and growth of
FeO within the Fe;0, lattice. These side-by-side observations al-
low for differentiating between structural voids and phase tran-
sitions.

The small difference (~0.05 A) between the d-spacings of
Fe;O, (004) and FeO (002) can complicate phase identification
when relying solely on interplanar spacing. Our phase assign-
ment is thus based on multiple lines of evidence: lattice spac-
ing changes, real-time contrast evolution, FFT patterns, and lo-
cal crystallinity. The pore region preserves Fe;O, lattice features,
while the FeO region displays both a distinct lattice spacing con-
traction and altered diffraction symmetry.

As shown in Figure 4, FeO formation within Fe;O, initiates in
the lattice interior rather than at free surfaces or pore boundaries,
as no FeO is observed at side facets or within the pore. While
minor porosity can develop in Fe;O, under reducing conditions,
it remains sparse and does not facilitate FeO nucleation. This
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contrasts with y-Fe,0;, which undergoes surface-initiated Fe;O,
nucleation (Figure S3, Supporting Information) and exhibits ex-
tensive pore formation during reduction (Figures 1-3). These
observations confirm that Fe,O, is intrinsically more resistant
to vacancy aggregation than y-Fe,O,. Although limited porosity
may occur, Fe;O, maintains a denser structure and follows a dis-
tinct reduction pathway—undergoing bulk-initiated FeO forma-
tion rather than surface-driven transformations.

Figure 4j presents the measured growth rate of the pro-
jected FeO area during the Fe,O,-to-FeO transformation, yield-
ing ~0.025 nm? s~! based on linear fitting. For comparison, the
growth rate of Fe;O, during the y-Fe,O,-to-Fe;O, transforma-
tion is 5.89 nm? s7! (Figures S5, Supporting Information). It is
important to note that transformation kinetics are governed not
only by growth rates but also by the nucleation mechanism. The
7-Fe,0;-to-Fe;0, transition initiates at the surface (Figure S3,
Supporting Information), whereas the Fe;O,-to-FeO transforma-
tion nucleates within the bulk (Figure 4), reflecting fundamen-
tally different vacancy dynamics and transport behaviors. Specif-
ically, y-Fe, O, exhibits vacancy clustering and localized void for-
mation, which restricts phase transformation to the interface
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region, while in Fe,O,, vacancies are more uniformly distributed,
allowing smoother bulk transformation.

Although a fully quantitative comparison of transformation ki-
netics is limited by experimental constraints—such as sample
drift, gas pressure fluctuations, H, dosing delay, and limited field
of view—the qualitative differences in nucleation pathways, va-
cancy distribution, and interface propagation strongly support
our conclusion: that vacancy dynamics—particularly the contrast
between clustering in y-Fe, O, and bulk diffusion in Fe;O,—play
a decisive role in governing the reduction pathway and rate.

Finally, we emphasize that the observed differences between
y-Fe,0; and Fe; O, reduction behavior in our in situ TEM ex-
periments are driven by the H, atmosphere, not by electron
beam effects. This is confirmed by beam-blanking control exper-
iments (Figure S6, Supporting Information), which show com-
parable reduction behavior with and without electron beam ex-
posure (flux ~3.8 x 10° e~ /nm?s; Figure 1-3). Additional valida-
tion is provided by ex-situ reduction experiments (described in
Section 2.2), which reproduce the same phase-dependent mor-
phological differences—namely, porous y-Fe,O; and dense, pore-
free Fe;O,—as observed in the in situ studies.

2.2. Ex-Situ STEM Imaging

Ex-situ high-angle annular dark-field scanning TEM (HAADF-
STEM) further corroborates the in situ TEM results by compar-
ing y-Fe,0; and Fe;O, formed during the reduction of a-Fe,0O,
at 500 °C under ~700Pa H, in a vacuum chamber. HAADF-
STEM, which provides contrast based on atomic number and
sample thickness, reveals pronounced porosity in y-Fe,O;, vis-
ible as darker regions corresponding to localized thinning
(Figure 5a). Compared to the ~2-5 nm voids observed in in situ
TEM experiments (Figures 1-3), the voids in the ex-situ samples
are significantly larger—spanning several tens of nanometers.
This size difference is attributed to the higher H, pressure dur-
ing ex-situ reduction, which promotes more extensive O vacancy
generation and aggregation, resulting in larger nanovoids.

To confirm that these voids reside within the y-Fe,O; bulk
rather than on the surface—an ambiguity in projection-based
HAADF-STEM imaging, we perform secondary electron (SE)
imaging, which is more sensitive to surface topography. The
STEM-SE image in Figure 5b, taken from the same region as
Figure 5a, shows no surface depressions or pits at the locations
corresponding to the voids seen in HAADF-STEM, confirming
that the observed porosity originates from voids with the y-Fe,O,
bulk.

These porous features in y-Fe,O, are further validated by cor-
responding energy-dispersive X-ray spectroscopy (EDS) maps
(Figure S7a—c, Supporting Information), which show concurrent
depletion of Fe and O within the cavity regions—indicative of
void formation via aggregation of Fe and O vacancies during re-
duction. In contrast, Fe;O, exhibits uniform HAADF contrast
with no evidence of porosity, consistent with EDS maps (Figure
S7d-f, Supporting Information) that display homogeneous Fe
and O distribution. These contrasting microstructures between
y-Fe,0, and Fe;0, are consistently observed across multiple in-
dependently reduced samples (Figures S8 and S9, Supporting In-
formation).
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Figure 5c-h presents ex-situ HAADF-STEM characterization
of Fe;0, and y-Fe, O, formed from the in situ TEM experiments.
These images provide direct structural insight into a distinc-
tion between the two phases: while the O sublattice is invisible
in HAADF-STEM, the Fe sublattice is clearly resolved, reveal-
ing that y-Fe,O; contains intrinsic Fe vacancies, whereas Fe;O,
maintains a fully occupied Fe sublattice.

In the Fe;0, region (Figure 5¢,d), the atomic structure remains
uniform and intact, exhibiting consistent Z-contrast across the
images, without signs of vacancy clusters. This homogeneity in-
dicates a well-ordered arrangement of both Fe and O atoms in the
oxide lattice. Intensity line profiles taken from four randomly se-
lected atomic planes further confirm this structural uniformity,
each exhibiting consistent column intensities (Figure 5e). This
consistency confirms the conclusion that Fe; O, lacks significant
Fe vacancy concentration and preserves an intact cation sublat-
tice.

In contrast, the y-Fe,0, region displays localized reductions
in HAADF intensity (Figure 5f), indicative of nanoscale voids.
These features correspond to vacancy clusters composed of both
Fe and O vacancies, rather than O-deficiency alone. This inter-
pretation is supported by the high-resolution HAADF image of
the pore region (bottom-left inset of Figure 5f), which shows no
discernible lattice distortion—implying that the Fe sublattice it-
self remains ordered locally, despite the presence of significant
Fe vacancies. If only O vacancies are present, the resulting lattice
strain or relaxation would likely manifest as visible distortions in
the atomic columns.

To further confirm the presence of intrinsic Fe vacancies,
HAADF-STEM imaging is performed in pore-free regions to
avoid contrast artifacts. As shown in Figure 5g,h, intensity pro-
files across four randomly selected atomic planes reveal pro-
nounced variations in the brightness of adjacent atomic columns
within the same layer. Given the relatively uniform thickness,
these intensity fluctuations cannot be attributed to geometric or
thickness-related contrast effects. Instead, they reflect local vari-
ations in atomic occupancy, consistent with a high concentration
of intrinsic Fe vacancies in the y-Fe, O, lattice.

2.3. DFT Modeling

As shown in Figure 2a—c, the y-Fe, O, surface undergoes progres-
sive recess during reduction. This behavior is driven by the for-
mation of O vacancies, initiated by the surface reaction of lattice
O with adsorbed H to form H,O. The desorption of H,O leaves
behind O vacancies, which contribute to surface shrinkage or mi-
grate into the lattice. The preferential formation of voids in y-
Fe,0,, as opposed to the denser Fe,;O,, suggests that O vacan-
cies form more readily on the y-Fe,O, surface. This is supported
by DFT calculations, which show significantly lower O vacancy
formation energies on y-Fe,0,(100) (1.87-2.62 eV) compared to
Fe;0,(100) (2.71-3.46 eV), depending on the local surface coor-
dination environment (Figure S10, Supporting Information).
The absence of Fe sublattice defects in Fe;O, highlights the
structural origin of void formation observed exclusively in y-
Fe,0, during reduction. The spinel structure of Fe;O, accom-
modates both Fe’™ and Fe’* cations in a compact and ener-
getically stable configuration, which effectively suppresses the
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Figure 5. Ex-situ STEM characterization of y-Fe,O3; and Fe;O, formed during reduction of a-Fe,O3 at 500 °C. a,b) HAADF-STEM image (a) and
corresponding surface-sensitive STEM-SE image (b) of y-Fe,O5 reduced under ~700 Pa H, in a vacuum chamber. The absence of surface pits in (b)
confirms that the dark contrast regions in (a) originate from internal nanovoids rather than surface features. c—h) HAADF-STEM imaging of y-Fe,O; and
Fe;O, formed under 0.5 Pa H, in in situ TEM experiments. (c) Low-magnification STEM-HAADF imaging of Fe;O,, (d) Atomically resolved image the
region in (c), (e) Corresponding intensity line profiles from representative atomic layers indicated in (d), showing uniform column intensities consistent
with an intact Fe sublattice and negligible Fe vacancy concentration. (f) Low-magnification STEM-HAADF image of y-Fe, O3, inset shows a magnified
view of a nanovoid region, (g) Atomically resolved HAADF-STEM image of the y-Fe, O; lattice away from the void region, (f) Corresponding intensity line
profiles from representative atomic layers marked in (g), showing significant site-to-site variations in atomic column intensity, indicative of a defective
Fe sublattice with a high concentration of Fe vacancies.

formation and clustering of cation vacancies. In contrast, y-Fe, O,
possesses an inherently defective Fe sublattice due to its nonstoi-
chiometric composition and partially occupied cation sites. In y-
Fe,0,, intrinsic Fe vacancies act as energetically favorable sinks
that stabilize additional vacancies, promoting stochastic vacancy
clustering and nanovoid formation during reduction. By contrast,
Fe, 0, lacks stabilizing Fe vacancies, so O vacancies aggregate
less readily, suppressing porosity. To elucidate the atomic-scale

Adv. Funct. Mater. 2025, e19406 €19406 (9 of 14)

mechanisms underlying this contrasting behavior—specifically,
the resistance of Fe;O, to vacancy clustering and the propen-
sity for vacancy aggregation in y-Fe,0;, we perform DFT calcula-
tions. These simulations probe the thermodynamic stability, mi-
gration barriers, and interaction energetics of Fe and O vacan-
cies in both oxides, providing critical insights into the driving
forces and kinetic pathways that govern vacancy behavior during
reduction.
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Figure 6. Atomic-scale modeling of vacancy dynamics in Fe;O, and y-Fe,O5. a—c) DFT-optimized structures of Fe;O,: (a) Pristine spinel lattice. (b)
Di-O vacancy configurations: the initial O vacancy is marked by a red dashed circle in the projection view (left) and by a blue sphere in the perspective
view (right); the second O vacancy is positioned at four distinct sites (1-4). (c) Relaxed structure of the most favorable di-O vacancy configuration,
shown in both projection (left) and perspective (right) views. d) Structural model of y-Fe,O; model featuring a partially disordered Fe sublattice, with
intrinsic Fe vacancies indicated by white spheres. e) Supercell of y-Fe,O; showing Fe vacancy site (orange circles) and candidate O vacancy formation
site (blue arrow). f~h) Sequential 3D schematics illustrating vacancy cluster formation in y-Fe, O3, O vacancies (red dashed circles) preferentially form
and aggregate around an intrinsic Fe vacancy (blue octahedral void). i) Final relaxed configuration of the vacancy cluster within the y-Fe,O; supercell.
Yellow and red spheres represent Fe and O atoms, respectively.

Magnetite (Fe;0,) is a ferrimagnetic oxide with the chemical
formula (Fe**)4[Feg** Fey**10;,, where Fe ions in parentheses oc-
cupy tetrahedral sites and those in square brackets occupy octa-  lent. As indicated by the dashed circle in Figure 6b, the formation
hedral sites (Figure 6a).[***! To investigate why Fe,O, does not  energy for a single O vacancy is calculated to be 3.5 eV. Building
form vacancy clusters, we first compute the formation energy of  on this, we evaluate the formation energies of a second O vacancy

anisolated O vacancy in its bulk lattice. Due to the high symmetry
of the spinel structure, all O sites are crystallographically equiva-
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introduced at four distinct sites (O,—0,) are in the presence of the
initial vacancy. The computed energies decrease in the order O,
(3.62eV) > 0, (3.41eV) > O, (3.02eV) > O, (2.71 €V), identifying
O, as the most favorable site for a second O vacancy (Figure 6¢).
3D structural views of the O vacancies in the Fe;O, further il-
lustrate this trend: although an initial O vacancy (blue sphere)
preferentially promotes subsequent vacancy formation at the O,
site, their spatial separation remains substantial (~6 A). More-
over, the absence of intrinsic Fe vacancies in the Fe;O, lattice
renders O vacancy clustering energetically unfavorable. This dual
limitation—insufficient O vacancy proximity and no intrinsic Fe
vacancies to stabilize vacancy clusters—explains the experimen-
tally observed void-free microstructure of Fe;O, under reducing
conditions.

In contrast to Fe;O,, y-Fe,0; (maghemite) shares a simi-
lar spinel-type framework but incorporates ~8/3 Fe vacancies
per unit cell, as illustrated in Figure 6d. These vacancies—
represented by a white sphere indicating a 2/3 probability of
vacancy occupation at given Fe sites—predominantly reside at
octahedral sites. This defect-rich configuration yields a nonsto-
ichiometric formula of (Fe3*)4[Fe3*. /¢ [J,/s]1603,, where [] de-
notes a cation vacancy.[*>*%l Unlike the defect-free Fe sublattice of
Fe,0,, the Fe** vacancies in y-Fe,O; are only partially ordered.
Rather than forming a periodic arrangement, these intrinsic Fe
vacancies are typically disordered, introducing structural insta-
bility and enabling dynamic defect behavior—particularly under
reducing conditions.

To explain the possible ordered configuration, Oosterhout and
Rooijmans!®'*%] proposed a tetragonal superstructure (with a c/a
ratio of ~3) in which Fe** vacancies are fully ordered and re-
stricted to Wyckoft 4b sites. In this ideal structure, the uniform
distribution of Fe** cations and vacancies minimizes Coulombic
repulsion and enhances lattice stability. However, such ordering
is rarely achieved under practical conditions. In reality, the dis-
ordered Fe sublattice in y-Fe, O, provides abundant energetically
favorable sites for O vacancy formation and clustering.

Figure 6e depicts a model of the ordered superstructure
of y-Fe,O;, where intrinsic Fe vacancies (indicated by semi-
transparent orange spheres) are localized at octahedral sites, fur-
ther illustrated in the 3D view of Figure 6f. To investigate O va-
cancy formation near an Fe vacancy, DFT calculations are per-
formed for the O sites adjacent to the Fe vacancy (indicated by
the blue arrow in Figure 6e). The computed formation energy for
a single O vacancy at this site (Figure 6g) is 3.01 eV. An adjacent
lattice O site (Figure 6h) is found to be the most favorable for a
second O vacancy, with a lower formation energy of 2.92 eV. The
proximity of a pre-existing Fe vacancy thus significantly lowers
the energy barrier for nearby O vacancy formation, promoting
their spatial aggregation. As illustrated in Figure 6i, this syner-
gistic interaction between Fe vacancies (intrinsic to y-Fe,0,) and
nearby O vacancies enables the nucleation of a vacancy cluster or
void, characterized by the absence of both Fe and O ions.

This vacancy clustering behavior is absent in Fe,; O,. There, the
relatively high O vacancy formation energy (~3.5 eV) and the lack
of intrinsic Fe vacancies create a thermodynamic barrier that in-
hibits the development of vacancy clusters. Conversely, y-Fe,O,
contains inherent Fe vacancies that act as nucleation sites and
simultaneously lower the formation energy of nearby O vacan-
cies, thereby promoting their aggregation. This contrasting dif-
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ference arises from their distinct structural characteristics: the
mixed-valence of Fe’*/Fe3* spinel structure of Fe;O, stabilizes
the cation sublattice and resists O vacancy formation and aggre-
gation, while the Fe**-only framework naturally accommodates
Fe vacancies, enabling cooperative vacancy clustering and void
formation.

3. Discussion

This study demonstrates that the aggregation of vacancies in y-
Fe, O, leads to the formation of nanopores, a phenomenon with
significant implications for hydrogen-based direct reduction in
steelmaking. Thermodynamically, the spontaneous clustering of
Fe and O vacancies reduces the overall concentration of isolated
O vacancies by incorporating them into stable voids. This effec-
tively diminishes the lattice O deficiency and consequently slows
the progression of y-Fe, O, to lower oxides such as Fe;O,. Beyond
thermodynamics, this nanoscale porosity introduces critical ki-
netic constraints. The resulting nanopores can act as entrapment
zones for H, 0O, the reaction product of lattice O and H,, disrupt-
ing its desorption and transport away from the reaction front.

Under ideal conditions, H,O produced during reduction read-
ily desorbs from the surface and diffuses away, allowing sus-
tained progress of the reduction. However, in y-Fe,O;, the for-
mation of internal nanopores creates confined environments that
act as nanoscale reactors. These pores trap H,O molecules, sig-
nificantly impeding their outward diffusion.l>?>* This localized
entrapment generates kinetic bottlenecks, increases the partial
pressure of H,O near the reaction front, and suppresses further
removal of lattice O, causing the actual reaction kinetics to devi-
ate from thermodynamic expectations.

In contrast, Fe; O, exhibits markedly behavior under H, reduc-
tion. Its spinel structure lacks intrinsic Fe vacancies and has a
significantly higher O vacancy formation energy compared to y-
Fe,O,. As a result, vacancy clustering is suppressed, and O vacan-
cies remain more uniformly distributed throughout the lattice.
This uniformity enables a progressive and delocalized depletion
of lattice O—a necessary condition for the bulk-initiated FeO nu-
cleation (Figure 4).

Although our in situ environmental TEM experiments are
conducted at a low H, pressure (x0.5 Pa), we assess the pres-
sure dependence of this phase behavior through complemen-
tary ex-situ reduction experiments at the same temperature
(500 °C) but under higher pressures (=700 Pa). Across these
conditions, the phase-specific structural trends remain consis-
tent: y-Fe, O, develops porosity, while Fe;O, remains structurally
compact (Figures S2-S4 and S6-S9, Supporting Information).
This consistency across pressure regimes suggests that the ob-
served differences are governed primarily by intrinsic defect
chemistry of oxides—namely, the presence or absence of intrin-
sic Fe vacancies—rather than by external pressure. While higher
pressure can influence reaction kinetics, the dominant reduction
pathways and defect evolution are determined by lattice thermo-
dynamics and defect stability. These results support the extrapo-
lation of our atomic-scale insights to more industrially relevant
conditions and highlight the critical role of defect chemistry in
H,-based ironmaking.

Beyond steelmaking, these insights have Dbroader rele-
vance for catalysis. Nanoscale Fe oxides are widely used in
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heterogeneous catalysis,[>>’ and the contrasting vacancy behav-
iors of y-Fe,05 and Fe;0, offer complementary advantages. In
y-Fe, 05, vacancy clustering induces intrinsic nanoporous archi-
tectures, which increase surface area, expose a high density of
active sites, and enhance mass transport—Xkey attributes for cat-
alytic applications like gas-phase oxidation or photocatalysis.>3>]
Conversely, the resistance to vacancy clustering in Fe,O, pre-
serves structural integrity, making it well-suited for applications
demanding mechanical stability and long-term durability under
harsh conditions, such as high-temperature catalysis or electro-
chemical water splitting.[%-%2] By integrating these oxides into hy-
brid catalytic systems, it is possible to leverage y-Fe,O,’s high
reactivity alongside Fe;O,’s durability. Such designs enable syn-
ergistic performance gains, where porous y-Fe,O, domains act
as reactive hotspots while Fe,0, scaffolds ensure long-term sta-
bility. Furthermore, vacancy engineering offers a powerful lever
to tailor electronic properties: y-Fe,O,’s defect-rich interfaces
can modulate charge transfer and adsorbate binding, while the
ordered lattice in Fe;O, ensures consistent electronic environ-
ments, enabling stable and selective catalysis. Together, these re-
sults highlight the potential of vacancy dynamics to dictate both
functional performance and process efficiency. From hydrogen
metallurgy to energy conversion and environmental remedia-
tion, tailoring defect structures in iron oxides opens paths toward
next-generation catalytic materials that balance high activity with
operational resilience.

4, Conclusion

This study elucidates the atomic-scale mechanisms governing
the hydrogen-driven reduction of y-Fe, O, to Fe,;O,, revealing the
critical role of vacancy dynamics in shaping structural evolution
and reaction kinetics. A key finding is the stark contrast in de-
fect behavior between the two oxides: in y-Fe,0;, O vacancies
preferentially aggregate around intrinsic Fe vacancies, forming a
porous structure. In contrast, Fe;O, remains dense and pore-free
due to its high O vacancy formation energy and the absence of
stabilizing Fe vacancies, effectively suppressing defect clustering.
This divergence in defect dynamics directly influences the phase
transformation pathway. In y-Fe,0,, vacancy clustering locally
depletes lattice O deficiency, thereby impeding Fe, O, nucleation
within the y-Fe, O, bulk. As a result, phase transformation is con-
fined to the y-Fe,0,/Fe;0, interface, where it proceeds via lin-
ear displacement—indicative of interface-reaction-limited kinet-
ics. In contrast, Fe;O,, with its more uniformly distributed vacan-
cies, supports a steady increase in lattice O deficiency, enabling
progressive nucleation of lower oxides such as FeO. More broadly,
the contrasting porosity behaviors of y-Fe,O; (nanoporous) and
Fe,0, (dense) highlight the fundamental importance of vacancy
dynamics in determining both process efficiency and functional
performance. In hydrogen metallurgy, controlling vacancy ag-
gregation can mitigate pore formation and accelerate reduction
rates. In catalyst design, tailoring vacancy distribution offers a
powerful strategy to optimize the balance of activity, selectivity,
and structural durability. Together, these insights highlight va-
cancy engineering as a versatile tool for advancing both energy-
efficient steelmaking and high-performance oxide-based catalytic
systems.

Adv. Funct. Mater. 2025, e19406 €19406 (12 of 14)

www.afm-journal.de

5. Experimental Section

Material Preparation: The a-Fe,O; samples used for the reduction
experiments were prepared through thermal oxidation of polycrystalline
Fe foils (99.99% purity). Prior to oxidation, the Fe foils were thoroughly
rinsed with deionized water and ultrasonicated in acetone for 5 minutes
to remove any residual contaminants. The cleaned foils were placed on a
substrate heater inside a vacuum chamber, with the sample temperature
closely monitored using a K-type thermocouple in direct contact with the
heater.

Oxidation was initiated by evacuating the chamber to a base pressure
of 3 x 107# Pa. High-purity O, gas (99.999%) was then introduced un-
til the chamber pressure reached 270 Pa, after which the chamber was
sealed. The Fe samples were heated at a rate of 20 °C min~! to 600 °C
and held isothermally for 60 min in the O, atmosphere. This oxidation
process resulted in the formation of well-crystallized a-Fe, O3 nanostruc-
tures (nanowires and nanoblades) on the Fe substrate.[20-24] The a-Fe, O,
layer was scratched off the Fe substrate and dispersed in isopropanol via
ultrasonication. The resulting suspension was drop-cast onto silicon ni-
tride (SiNx) membrane TEM grids, which were subsequently loaded onto
a heating holder and inserted into the environmental TEM.

In Situ TEM Imaging:  In situ monitoring of oxide reduction was carried
out using a dedicated environmental TEM equipped with an objective-lens
aberration corrector and a gas manifold system, enabling precise control
over the gas flow rate and pressure within the specimen area.

During the experiments, high-purity H, gas (99.999%) was passed
through a liquid N, trap to remove moisture by condensing water
molecules. H, gas was then introduced into the TEM specimen area
at ~0.5 Pa. The sample was heated to 500 °C under the H, flow,
enabling direct observation of the reduction process. A series of in
situ characterizations—including HRTEM imaging and video recording,
nanobeam electron diffraction, and EELS—was performed under these
conditions. HRTEM imaging of the reduction process was recorded at a
frame rate of 0.5 s per frame to capture the dynamic structural evolution
(Figures 1-4; Figures S2-S4, Supporting Information).

Allin situ TEM experiments were conducted using a-Fe,O; nanoblades
synthesized via thermal oxidation of Fe foil, followed by H, reduction at
500 °C under 0.5 Pa H,. Figures 1-4 capture different spatial regions
and time points within the same experiment or series of experiments un-
der identical sample preparation and reduction conditions. Specifically:
Figure 1 provides an overview of the a-Fe,O3; — y-Fe,O; — Fe;O, trans-
formation sequence; Figure 2 focuses on nanocavity formation within
y-Fe,03; Figure 3 highlights interfacial dynamics at the y-Fe,O3/Fe;O,
boundary; and Figure 4 captures the later-stage Fe;O,-to-FeO transforma-
tion within the bulk. Due to rapid kinetics and sample drift following H,
introduction, the initial a-Fe,O; — y-Fe,Oj3 transition could not be cap-
tured in detail. Imaging becomes feasible only after the sample stabilizes,
by which time y-Fe, O3 has already formed. Consequently, our analysis cen-
ters on the subsequent, more structurally distinct and mechanistically in-
formative transformations involving y-Fe, O3, Fe30,, and FeO.

EELS analysis was conducted to determine the oxidation state of the
reduced oxide. After background removal from the spectra, the data were
deconvoluted, and two arctangent functions were applied to subtract the
post-edge background. This process isolated the Fe Ly and L, edges, al-
lowing calculation of the Ly /L, ratio (white line ratio), which correlates
with the oxidation state of Fe. To prevent unintended oxide reduction due
to electron beam exposure, the electron beam was blanked between data
acquisition sessions. Additionally, the potential effect of electron beam ir-
radiation on reduction behavior was assessed by comparing areas exposed
to the beam with unexposed regions. The results confirmed that electron
beam irradiation had a negligible effect on the reduction process.[2!

Ex-Situ TEM Characterization: —Ex-situ characterization of the reduced
samples following the environmental TEM experiments was performed us-
ing HAADF-STEM on FEI Talos F200X, with EDS analysis conducted in the
same regions (Figures S8c,d and S9, Supporting Information). Additional
atomic-scale HAADF imaging was conducted using a probe-corrected
STEM (Hitachi 2700) (Figure 5c—h). For comparison, as-prepared a-Fe, O3
samples were also directly reduced in a vacuum chamber at 500 °C under
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H, pressures of 270 Pa (Figure S3, Supporting Information) and ~700 Pa
(Figure 5a,b; Figure S7, Supporting Information).

DFT Calculation: DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP)I63-%6] with a plane-wave basis set
and an energy cutoff of 520 eV for representing valence electron states.
Exchange-correlation interactions were treated using the generalized gra-
dient approximation (GGA),[83-86] specifically with the Perdew-Burke-
Ernzerhof (PBE) functional.l®’] To account for the strong correlation ef-
fects associated with the partially filled Fe 3d orbitals, a Hubbard param-
eter (U) of 3.8 eV.[®8] was applied to the Fe 3d states, following the estab-
lished GGA+U approach based on prior research.

Fe;O,4 and y-Fe, O3 bulk models were used to investigate vacancy clus-
tering. Brillouin zone sampling was conducted using a (6 X 6 X 6) k-
point grid generated within the Monkhorst-Pack scheme.l%°] For the y-
Fe, O3 bulk model with Fe vacancies, a (6 X 6 x 1) k-point grid was em-
ployed. Structural relaxations were carried out using the conjugate gradi-
ent method, ensuring convergence of atomic forces below 0.015 eV A~T.
The calculated lattice parameter for Fe;O, was 8.456 A, aligning closely
with both previous computational studies and experimental measure-
ments of 8.44 A.[20.214%] The y.Fe, 05 bulk model was constructed using
three Fe;O,4 blocks containing eight Fe vacancies to reflect the intrinsic
defect structure.[4°]

Supporting Information

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