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Studies on the morphology and phase of two-dimensional (2D) non-van der Waals iron oxides are often
carried out independently, leaving their coupling relationship unexplored. Herein, we report an oxygen-
potential-driven chemical vapor deposition (CVD) route that couples morphology control with phase
selection in the same system. We vary only the quartz-tube outer diameter to modulate the oxygen flux,
which tunes the oxygen chemical potential (zo) without requiring any sophisticated oxygen supplying
equipment and transforms the product from magnetite (FezsO,4) to hematite (a-Fe,Os). With increasing po,
FesO,4 evolves from sharp triangular to truncated triangular nanosheets. However, regular hexagonal
a-Fe,Os nanosheets are obtained above this threshold, indicating morphology—phase coevolution.
Opposite curvatures of FesO,4 {111} A/B edges create a surface chemical-potential difference (Au) that
drives the evolution into nanosheets bounded solely by A-type edges. DFT calculations show that increas-
ing po reduces Ay, enabling the retention of the B edge and yielding truncation. Correlative magnetic
imaging further reveals morphology-domain coupling: a vortex state in sharp triangles, a weakened vortex
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upon truncation, multidomain characteristics when approaching the hexagonal shape, and weak-ferro-
magnetic a-Fe,Oz with no magnetic phase contrast. This facile regulation method synchronizes phase
selection and morphological engineering by regulating uo, laying the groundwork for structure-depen-
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rsc.li/nanoscale dent spintronic device design.

1. Introduction

Two-dimensional (2D) iron oxides, owing to high Curie temp-
eratures with ambient stability, are an attractive material plat-
form for spintronics."™ Their redox-potentials and mixed-
valence nature offer a rich compositional and phase land-
scape. Chemical vapor deposition (CVD) allows precise control
of precursor ratios to tune the the oxygen chemical potential
(#o)- This control enables transformations among Fe;Oy,
1-Fe,03, e-Fe,0; and a-Fe,05.* Unidirectionally aligned arrays
of Fe;O, nanosheets have been developed by centimeter-scale
stitching using a simple and catalyst-free synthesis approach.’
Moreover, CVD-grown a-Fe,0;® and Fe;0,”"® exhibit broad-
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band photoresponses, further broadening the applications of
2D iron oxides.

CVD-grown 2D iron oxides exhibit different shapes such as
triangular, truncated triangular, or hexagonal morphologies,
which are commonly observed. However, this diversity and
morphological tunability are often overlooked as routine phase
characterization shows no clear differences. Recent work estab-
lishes a size-dependent domain configuration evolution in
y-Fe,O; nanosheets. With increasing lateral size, the magnetic
configuration transforms from a single domain to vortex and
ultimately to multidomain patterns.’ In addition, increasing
the iron vapor pressure drives continuous morphological evol-
ution in y-Fe,O; from triangular to stellated, petaloid, and
dendritic forms.'® Furthermore, triangular and truncated tri-
angular Fe;O, nanosheets possess different antiphase bound-
aries (APBs) and therefore exhibit distinct spin properties.'*
Collectively, these studies establish a consensus that 2D iron
oxides offer room-temperature magnetic properties tunable by
external parameters. However, despite considerable progress
in understanding the morphology and phase evolution in CVD
systems, their systematic coupling within a single process,
together with an experimentally testable mechanism, has yet
to be fully elucidated.
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Building on this idea, we modulate the oxygen flux by
simply changing the quartz-tube outer diameter, without intro-
ducing any dedicated oxygen supplying component. This
enables the tuning of uo, which regulates the phase transition
between Fe;0, and o-Fe,O; within the same CVD system,
while temperature, precursors, and carrier gas are held con-
stant. Additionally, the morphology evolves continuously from
sharp triangular to truncated triangular, then to near-hexag-
onal and finally regular hexagonal flakes. The method is
simple, robust, and reproducible. At the mechanistic level,
DFT combined with crystal-growth considerations shows that
different curvatures of A-type and B-type edges of the {111}
plane in Fe;O, create a surface chemical-potential difference
(Ap) that favors the retention of the A-type edge; as uo
increases and Ap decreases, the B-type edge becomes more
stable and extends, giving rise to a truncated triangular Fe;O,
morphology. Upon further increase in po, the truncated edge
grows gradually and eventually crosses the phase transition yo
threshold, leading to the formation of a stable hexagonal struc-
ture of a-Fe,0;. At the material level, the initial single-vortex
magnetic domain in Fe;O, weakens and shifts once truncation
appears, and under the near-hexagonal geometric constraint it
evolves into a multidomain state. As a control, a-Fe,O; shows
no discernible magnetic force microscopy (MFM) phase con-
trast at room temperature, underscoring the tunability of mag-
netic domains in iron-oxide nanosheets.

2. Experimental section
2.1 Sample preparation

Large-area, compositionally uniform arrays of 2D magnetite
(Fe30,) and hematite (a-Fe,03) nanosheets were synthesized
on mica by CVD. The growth setup is shown in Fig. S1. A
square alumina crucible was filled with anhydrous FeCl, pre-
cursor (20 mg, Aladdin, >99.5%) and covered with a layer of 4
A molecular sieves (Thermo Fisher Scientific, 0.02-0.03 in) to
slow down the FeCl, evaporation and suppress side
reactions.”>"® A freshly cleaved fluorophlogopite mica sub-
strate (10 x 10 x 0.2 mm, Changchun Taiyuan Mica Company
Ltd) was placed face-downwards about 5 mm above the precur-
sor, and the crucible was positioned at the center of the tube
furnace hot zone. 100 sccm Ar served as the carrier gas to
maintain an inert atmosphere. Upon reaching the growth
temperature (750 °C), the inlet flange was slightly loosened so
that ambient air naturally co-flowed with Ar, thereby introdu-
cing O, to oxidize the Fe source on the substrate. To increase
the oxygen flux per unit time, we simply switched the CVD
quartz tube outer diameter from 50 mm to 60 mm, while
keeping the temperature, precursor, and carrier gas
unchanged. This change in the tube-diameter alters uo and
switches the product from Fe;0, to a-Fe,O; without requiring
any precision in the oxygen dose or additional equipment,
underscoring the simplicity, robustness, and reproducibility of
the method.
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2.2 Characterization of iron oxides

Morphology was characterized by optical microscopy
(WYJ-40BD) and non-contact atomic force microscopy (Park
NX10). Magnetic domain structures were imaged on the same
platform using MFM equipped with a Multi75M-G probe (Co-
Cr coating, tip radius < 60 nm, coercivity ~300 Oe, effective
magnetic moment ~10""* emu), utilizing a lift height of
50 nm and a drive amplitude of 1 V. The Raman spectrum of
the iron oxides was obtained using a confocal Raman spectro-
meter (532 nm excitation, 100x objective, 1 mW laser power).
X-ray photoelectron spectroscopy (XPS) analysis was carried
out using the PerkinElmer PHI 5100 with an Al Ka source. The
crystal structure and lattice parameters were analyzed by trans-
mission electron microscopy (JEOL JEM-F200).

3. Results and discussion
3.1 Fe;z04 phase synthesis and characterization

Optical microscopy (OM) reveals large area unidirectionally
aligned triangular (Fig. 1a) and truncated triangular
nanosheets for the samples grown using a 50 mm diameter
quartz tube (Fig. 1b). Atomic force microscopy (AFM) further
shows that the nanosheets retain well-defined, smooth edges
even at the thickness approaching ~100 nm or larger, consist-
ent with their morphologies (Fig. 1c and d). X-ray photo-
electron spectroscopy (XPS) performed on compositionally
uniform nanosheets over large areas (Fig. 1e) exhibits charac-
teristic Fe;0, signatures. The high-resolution Fe 2p spectra
show 2 peaks corresponding to 2p;,, and 2p;,, which can be
further deconvoluted into Fe** components at ~715.11 and
~727.90 eV and Fe** components at ~713.18 and ~726.13 eV,
respectively.'® In addition to C, O and Fe peaks in the XPS
survey spectra (Fig. S2a), the peak at ~293.3 eV is assigned to K
2p from the fluorophlogopite mica substrate and not relevant
to the synthesized nanosheets. Previous reports suggest that a
strong interfacial interaction between surface K on fluoroph-
logopite mica and Fe;0, is one of the contributing factors for
the unidirectional alignment observed on this substrate.'®

For the samples which do not possess unidirectional align-
ment, nanosheets exhibit diverse shapes that fall into two
basic categories: triangular and truncated triangular. Shape-
distribution survey from a single batch shows a sharp decrease
in nanosheet count with increasing truncation length; sharp
triangles and short-edge truncated triangles dominate the
population (Fig. 1f), and the analyzed samples are shown in
Fig. S3. After transferring the samples to Au-coated Si, we per-
formed Raman spectroscopy. The results show that, despite
the shape differences, all the spectra consistently exhibit stan-
dard Fe;O, fingerprints, with four peaks at ~183.3, ~306.1,
~536.2, and ~667.5 cm ™', corresponding to Tpe(1), Egy Tag(2),
and A;, modes,” respectively (Fig. 1g). Additionally, no signa-
ture peaks of a-Fe,O; and no characteristic broad band of
y-Fe,05 in the 350-700 cm ™" region were observed,’ suggesting
single-phase Fe;0,.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Characterization of 2D FesO4 nanosheets. (a and b) Optical microscopy images of unidirectionally aligned triangular (a) and truncated tri-
angular (b) nanosheets; (c and d) AFM images corresponding to (a) and (b), respectively; (e) high resolution XPS spectra of Fe 2p for large-area, mor-
phology-uniform FezO4 nanosheets; (f) shape statistics for a non-aligned sample; (g) Raman spectra of FezO4 nanosheets with different mor-
phologies; (h and i) HR-TEM lattice-structure characterization of FesO4 nanosheets. Scale bars as indicated.

Nevertheless, the different shapes are not entirely equi-
valent. Under 532 nm Raman excitation, sharp triangular
nanosheets remain stable. At the same laser power, truncated
triangular nanosheets undergo oxidation to a-Fe,O; (Fig. S4).
These observations indicate the metastability of truncated-tri-
angular Fe;O,4. This laser-induced oxidation also represents a
viable route of phase transformation for iron-oxide phases."®

High-resolution transmission electron microscopy (HR-TEM)
reveals the lattice fringes of Fe;0, (Fig. 1h). In the magnified
region (red box), the interplanar spacing d =~ 0.293 nm is
indexed to the Fe;0, (220) planes (Fig. 1i).” The lattice is well
ordered without observable defects or distortions, confirming
the single-crystalline nature of the nanosheets.

3.2 a-Fe,0; phase synthesis and characterization

To further extend the accessible phases under the same experi-
mental protocol, the actual intake of air (O,) must be
increased. At higher uo, an increased O/Fe ratio can drive the
product from Fe;O, toward higher oxidation states such as
1-Fe,0;, e-Fe,0; and o-Fe,0;.* Accordingly, we replaced the
50 mm tube with a 60 mm tube while keeping all other para-
meters unchanged. The increased cross-section of the air
inlet allows more ambient air to flow, increasing the oxygen
flux. For a given volumetric flow rate Q, average velocity v in a
tube of outer diameter D satisfies the following relation:

Q_ 40

p=<="¢X
A wD?
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Here, A is the tube cross-sectional area and D is the tube
outer diameter. Accordingly, the mean cross-sectional gas vel-
ocity satisfies v oc 1/D?, so the 60 mm tube yields a smaller v at
the same volumetric flow. In addition, the O, entering through
the loosened inlet flange follows a steady one-dimensional
convection-diffusion profile:

C(z) = Coe (_%Z)

where D, is the molecular diffusivity of O, in Ar, C, is the O,
concentration at the inlet, and z is the distance from the
inlet along the tube. According to this expression, a decrease
in ¥ increases C(z), thereby increasing the O, concentration at
the crucible position.

Hexagonal iron-oxide nanosheets were synthesized on fluor-
ophlogopite mica (Fig. S5) and o-Al,Os;; on o-Al,Os;, the
nanosheets exhibit strict unidirectional alignment (Fig. 2a and
b). The corresponding AFM measurements confirm the align-
ment and reveal atomically flat surfaces (Fig. 2c and d), indi-
cating high synthesis quality. a-Al,0; and o-Fe,O3; both
possess hexagonal lattices, leading to a strong lattice compat-
ibility at the interface. As a result, a-Fe,O; readily grows with
unidirectional alignment on o-Al,O; but possesses a lower
degree of alignment on fluorophlogopite mica.'”'® In a single
batch (Fig. S6), hexagons overwhelmingly dominate the popu-
lation (Fig. 2e). Notably, these shape statistics contrast sharply
with those of Fe;0, (Fig. 1f).
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Fig. 2 Characterization of 2D a-Fe,O3 nanosheets. (a and b) Optical microscopy images of unidirectionally aligned hexagonal nanosheets; (c and d)
AFM images corresponding to (a) and (b), respectively; (e) shape statistics for samples synthesized on a-Al,Os; (f) XPS results for large-area, morpho-
logically uniform a-Fe,Os nanosheets; (g) Raman spectra of a-Fe,Os nanosheets with different shapes; (h and i) HR-TEM lattice-structure character-

ization of a-Fe, O3 nanosheets. Scale bars as indicated.

The high resolution XPS spectrum of Fe 2p for morphologi-
cally uniform nanosheets grown on mica shows the main Fe*"
peaks at ~725.11 eV (2p;/,) and ~711.72 eV (2p;.,) along with
the distinct a-Fe,O; satellite features at ~734.07 and ~720.21
eV (Fig. 2f)." The survey spectrum is shown in Fig. S2b. The
Raman spectrum obtained for the hexagonal nanosheets of
slightly different shapes is identical in peak position and line
shape (Fig. 2g). The peaks at ~225.1 and ~502.5 cm™' are
assigned to A;, modes, while those at ~244.5, ~296.4, ~410.5,
and ~611.7 ecm™" correspond to E, modes.>® These peaks are
well resolved, sharp, and free of shoulders, evidencing the
high crystal quality. Furthermore, the Raman fingerprints of
v-Fe,O; and e-Fe,O3; were not observed within the detection
limits.”*"

Consequently, increasing the tube diameter from 50 mm to
60 mm tunes the product from triangular or truncated-triangu-
lar Fe;O, to hexagonal a-Fe,O;. In Fig. 2h, the hexagonal
nanosheets show well-resolved lattice fringes; in the magnified
region (Fig. 2i), an interplanar spacing of d ~ 0.253 nm is
indexed to the a-Fe,Os; (110) planes, confirming the high
crystal quality.

As noted above, Fe;O, typically appears as triangular or
truncated triangular nanosheets, whereas o-Fe,O; preferen-
tially forms regular hexagons. This variation motivates us to
investigate the correlation between the oxidation state and the
morphology. We propose that increasing the oxygen chemical
potential (uo) drives a coordinated evolution of the mor-
phology and oxidation state in 2D iron oxides: sharp triangles

Nanoscale

correspond to lower oxidation states (dominated by Fe;0,),
while hexagons correspond to higher oxidation states (domi-
nated by a-Fe,O3), whereas truncated triangles represent inter-
mediate states.

3.3 o drives shape and phase coupling calculations

In HR-TEM analysis, the triangular and truncated triangular
Fe;0, nanosheets show the same selected-area electron diffrac-
tion (SAED) pattern with the [111] axis (Fig. 3a and b), whereas
the hexagonal a-Fe,O; shows the [001] axis (Fig. 3c). The iden-
tical SAED patterns for Fe;O, indicate that the morphological
evolution does not arise from alteration of the crystallographic
orientation; it resides at the edge terminations. To rationalize
the shape evolution, we combined first-principles calculations
with crystal-growth considerations.

For fec Fe;0,, viewed along [111], a {111} twin plane is
often present on the surface (Fig. 3d). This twin plane renders
the two opposing facets inequivalent, giving a convex (A) and a
concave (B) termination.?*** According to the Gibbs-Thomson
relation in crystal growth, the chemical potential u of the same
crystallographic plane depends on local curvature & as follows

U= piflar + 71112k

Here, ugac denotes the local surface chemical potential, y is
the surface energy, £ is the atomic volume, and k is the curva-
ture (taken positive for convex). From the above relation, the
concave B edge (kg < ka) has a lower x4 than the convex A edge,
so atoms attach more readily to the B edge, and its growth rate

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Evolution of boundaries and morphology for FesO4; and a-Fe,Os. (a—c) SAED patterns of FesO4 nanosheets along [111] and «-Fe,Os3
nanosheets along [001]; insets show the corresponding morphologies. Inset scale bar: 1 pm; (d) schematic of FesO, side edges: alternating A/B
edges on {111}, presenting convex (A) and concave (B) terminations; (e) first-principles surface energies of three Fe;0,4 facets as a function of yo; (f)
schematic of Fez0, morphology evolution; with increasing o, the concave B edge is progressively retained and extended.

is higher (Vg > V,). As the growth proceeds, the B edge is over-
grown, and the outer contour is set by the slower A edge, yield-
ing Fe;0, triangles bounded entirely by convex A facets.

We performed first-principles calculations for the surface
energy of Fe;O, facets as a function of yuo. When pg is below
around —2.0 eV, oxidation favors Fe;O, with Fe®" and Fe?'.
Above this threshold, the product tends to be Fe,0; with Fe**
only.>* The computed surface energies of Fe;O, decrease with
increasing uo (Fig. 3e), which minimizes the Gibbs-Thomson
effect, reduces the growth-rate disparity between A and B edges,
and passivates the boundary. With further increase in yq, the B
edge continues to extend (Fig. 3f). Based on the Wulff construc-
tion, the emergence of these truncated edges (Type-B) signifies
the exposure of facets with higher surface energy compared to
the stable Fe-terminated edges (Type-A). These high-energy
boundaries contain a higher concentration of under-co-
ordinated atoms, rendering the truncated nanosheets more sus-
ceptible to external stimuli. This energetic disparity satisfac-
torily explains the preferential laser-induced oxidation observed
in Raman studies, where the phase transformation initiates at
these metastable truncated corners. Nevertheless, a residual
growth-rate difference persists, making it unlikely for A and B
edges to reach equal length accounting for the near absence of
perfectly hexagonal Fe;O, nanosheets.

By contrast, a-Fe,O3 viewed along [001] is bounded laterally
by equivalent {110} prismatic facets without concave/convex

This journal is © The Royal Society of Chemistry 2026

asymmetry,”® so the six edges are symmetrically equivalent
and their sidewall growth rates are nearly identical, yielding
regular hexagons. Consistent with these considerations, our
experiments show a continuous shape transition from triangu-
lar Fe;0, to hexagonal a-Fe,0;.

3.4 Influence of morphology on magnetic domains

The magnetic domain structures were imaged in situ using
magnetic force microscopy (MFM) with a Multi75M-G probe.
To strictly decouple magnetic signals from topography, the
measurements were performed in interleave lift mode with a
lift height of 50 nm. Comprehensive control experiments con-
firming the signal robustness under varying lift heights and
drive amplitudes are provided in Fig. S7, definitively ruling out
topographic artifacts; MFM in situ non-contact mode (NCM)
topography reveals flat surfaces (Fig. S8), demonstrating the
accuracy of our phase imaging.

Generally speaking, the domain structure of a magnetic
crystal or film is dependent on its magnetic parameters (such
as exchange, anisotropy and magnetization) and its geome-
try.”® For most samples above a critical size, the geometry does
not play a critical role, and a single-domain state is energeti-
cally unfavorable due to its high magnetostatic energy.
Therefore, the sample splits into multiple magnetic domains
to reduce the magnetostatic energy in the absence of an exter-
nal magnetic field.”” In contrast, when the sample is reduced
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Fig. 4 MFM images of morphology-coupled 2D FezO, and a-Fe,Os.
MFM phase maps arranged along the horizontal axis by the morphology:
(a) sharp triangular FezO,; (b) truncated triangular FezOy; (c) near-hex-
agonal FezOg4; (d) hexagonal a-Fe,Os. The vertical axis lists the selected
nanosheet thicknesses. Scale bars as indicated.

below a critical size, the formation of domains is geometrically
confined, and the magnetic configuration is then governed by
the competition among exchange, magnetostatic, and an-
isotropy energies. To minimize the magnetostatic energy, the
magnetization should lie in the plane to avoid surface mag-
netic charges and align parallel to local edges to avoid edge
magnetic charges.”® This leads to the formation of a flux-
closure domain, often referred to as a magnetic vortex.

As shown in Fig. 4a, sharp-triangular Fe;O, nanosheets
exhibit a robust single-vortex state, with domain walls extend-
ing from the central vortex core towards the three corners. In
this magnetic configuration, the magnetic flux is closed in the
plane to reduce the magnetostatic energy, while the magneti-
zation in the vortex core is tilted out of plane to reduce the
exchange energy, which constitutes the magnetic ground state
of the triangular Fe;O, nanosheets.”®*® As the vertices are
eliminated (Fig. 4b), the resulting truncated edges reduce the
corner magnetic charges and create a lower-energy flux
channel along the edges, which displaces the vortex and even-
tually makes it indistinguishable. Interestingly, this truncated
triangular geometry can hold antivortex states in polycrystal-
line e-Fe,05,>°°° whose large magnetocrystalline anisotropy
does not hinder but facilitates stabilizing an antivortex state.
In near-hexagonal Fe;0, nanosheets (Fig. 4c), multiple bound-
aries impose stronger confinement, and a multidomain
pattern, characterized by alternating bright and dark contrast,
is observed. In contrast, a-Fe,O; shows no observable MFM
phase contrast at room temperature (Fig. 4d), consistent with
its weak ferromagnetism. In addition, the thickness does not
seem to be a dominant factor for the magnetic configuration
in these scenarios, since our samples with the same geometry
but across a wide range of thicknesses exhibit similar domain
patterns. This correlation between morphology and magnetic
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domain paves the way for tailoring the initial magnetic pro-
perties in Fe;0, through geometric engineering.

4. Conclusions

In summary, we synthesized two-dimensional Fe;O, and
a-Fe,O; nanosheets by CVD and identified the two phases by
Raman spectroscopy and XPS. With increasing uo, the mor-
phology evolves from sharp-triangular Fe;O, to hexagonal
a-Fe,03, with truncated-triangular nanosheets as an intermedi-
ate state. First-principles calculations rationalized this evol-
ution by showing that higher uo reduces the growth-rate dis-
parity between inequivalent edges, thereby weakening the cur-
vature-driven preference and passivating the boundary. In
addition, MFM reveals a difference in magnetic properties: the
vortex state vanishes as corners are eliminated, and the
domain configuration changes with geometry. These results
establish a simple and reproducible route for achieving
different magnetic domain structures in 2D iron oxides and
provide an experimental basis for simultaneous morphology-
phase tailoring by tuning uo to attenuate in-plane magnetism.
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