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Abstract. The crystal growth process directly influences crystal morphology. While the growth process of
hematite crystals with specific exposed facets is relatively well understood, the growth mechanism of hematite
without distinct facets, particularly porous ellipsoidal hematite, remains unclear. This study systematically inves-
tigates the hydrothermal synthesis and crystal growth mechanism of nano-porous ellipsoidal hematite. Under el-
evated temperatures, iron oxyhydroxide (FeOOH) undergoes a sequential transformation involving dissolution–
recrystallization, interfacial nucleation, and solid-state phase transition, ultimately forming hematite. Samples
collected at specific time intervals (15, 30, 45, 60, 90, and 120 min) were characterized using X-ray diffrac-
tion (XRD), field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM). The results indicate that lattice rearrangement during the monoclinic-to-
hexagonal transition and thermally driven dehydration play critical roles in generating the nano-porous ellip-
soidal morphology. This work offers new insights into the controllable hydrothermal synthesis of hematite and
its crystallographic transformation pathways.

1 Introduction

Hematite, also known as ochre, is a common iron ore primar-
ily composed of iron oxide (Fe2O3) (Li et al., 2024; Liu et al.,
2024; Wu et al., 2018). Hematite is a common mineral with
diverse crystal forms, including flake, spherical, and fibrous
structures (Maiti et al., 2015; Liu et al., 2019; Kaufhold et al.,
2022). During crystallization, atoms, molecules, or ions are
arranged in a specific geometric pattern to form a repeating
lattice structure. This structure directly influences the crys-
tal’s symmetry and physical properties and plays a decisive
role in its chemical purity, shape, and size (Nanev, 2023;
Friedrich, 2024). Optimizing synthesis conditions and con-
trolling key factors, such as material morphology and size,
play a crucial role in the development of new materials.

The crystal growth process of hematite is influenced by
multiple factors, and the growth mechanisms of different
crystal facets and morphologies vary. Bandi and Srivastav
(2020) first reported the role of stromatolites in the growth
of hematite, and Sara Akbari (Akbari et al., 2024) reported
the structural interrelationships in this transformation pro-
cess, discussed in their pioneering work. In addition, Liu et

al. (2010) found the microstructure of ferric hydroxide was
studied by means of scanning electron microscopy (SEM)
and Brunauer–Emmett–Teller (BET), and the characteristics
of ferric hydroxide hydrate were measured and evaluated
by means of statistical analysis. Zhang et al. (2023) cac-
tualized the microstructure of iron oxide was synthesized
by sputtering iron film with oxalic-acid-assisted heat treat-
ment at room temperature. The microstructures such as poly-
hedrons, globular flowers, leaves, and nano-wires were ob-
tained on the glass substrate at different annealing tempera-
tures (Bandi and Srivastav, 2020). In addition, the possible
growth mechanism of transformed hematite nano-particles
was also proposed. Soltis et al. (2016) indicate that the for-
mation of iron oxide hematite from the precursor of two-
line ferrihydrite requires phase transformation and growth.
Seminal studies on iron oxide nucleation and hematite phase
transition by Matijević (1979) laid the foundation for un-
derstanding FeOOH-to-hematite conversion via precipitation
and solid-state transformation. In addition to phase transfor-
mation, particle aggregation and oriented attachment mech-
anisms have been reported to drive the formation of porous
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or anisotropic morphologies in oxide systems such as SiO2
and Fe2O3. These processes facilitate the alignment of pri-
mary nano-particles into mesocrystals, followed by lattice fu-
sion under hydrothermal stress, as described in prior works
(Sugimoto and Muramatsu, 1996). However, these classical
works primarily investigated non-porous morphologies un-
der ambient or low-pressure conditions. Our study extends
this scope by focusing on nano-porous ellipsoidal hematite
formed under hydrothermal constraints, wherein both inter-
facial nucleation and anisotropic lattice rearrangement drive
pore formation.

Although previous studies have explored the formation
pathways of hematite nano-structures, the crystallographic
transformation from acicular iron oxyhydroxide to nano-
porous hematite remains poorly understood. In particular, the
structural rearrangement during the monoclinic-to-hexagonal
transition and its role in pore formation have not been clearly
elucidated. This study aims to bridge that gap by investigat-
ing the morphological and structural evolution of FeOOH
under hydrothermal conditions. We focus on identifying the
specific intermediate phases and phase transitions, as well
as understanding how solid-state transformation governs the
final porous morphology of hematite particles. This study
prepared nano-porous spherical hematite through hydrother-
mal synthesis and observed the morphology of the samples
at different times. A large amount of needle-shaped iron hy-
droxide is generated in the early stage of the reaction. As
the heating time increases, iron hydroxide undergoes de-
hydration reaction, and water molecules are removed from
the iron hydroxide. At the same time, hydroxylated iron ox-
ide aggregates into ellipsoids. With increasing heating time,
hematite ellipsoids are formed through solid-phase transfor-
mation and dissolution recrystallization. Some compounds
or volatile substances in the hematite ellipsoidal structure are
released, ultimately forming nano-porous spherical hematite.
Through these results, we explored the growth mechanism of
iron hydroxide in hematite, providing a theoretical basis for
subsequent research on mineral crystal growth.

2 Experimental section

2.1 Chemicals and materials

All chemicals are of analytical-grade purity, suitable for
direct use without any treatment: ferric chloride hexahy-
drate (FeCl3-6H2O analytically pure, Guangzhou Jinyuan
Chemical Co., LTD.), anhydrous ethanol (C2H6O, analyti-
cally pure, Sinopod Chemical Reagents Co., LTD.), methy-
lene blue (C16H18CIN3S-3H2O, analytically pure, Tianjin
Dengfeng Chemical Reagent Factory), sodium hydroxide
(NaOH, analytically pure, Sinopod Chemical Reagent Co.,
LTD.), and deionized water.

2.2 Synthesis of nano-ellipsoidal hematite

Nano-sized hematite was synthesized using a hydrothermal
method. The preparation of the ethanol solution was as fol-
lows: firstly, we measured 144 mL of ethanol solution, added
6 mL of deionized water solution, prepared 150 mL of 96 %
ethanol solution placed in the reaction flask, sealed with cling
film, and stored temporarily to prevent the liquid from evapo-
rating. We weighed FeCl3-6H2O 4.05 g, put this into 150 mL
96 % ethanol solution, stirred with a magnetic stirrer until
completely dissolved, and prepared as 0.1 mol L−1 FeCl3–
6H2O solution. The solution was continuously stirred at
300 rpm using a magnetic stirrer before hydrothermal treat-
ment. We then sequentially extracted 12 mL of ferric chloride
solution and placed this in a high-pressure reactor (volume:
25 mL) lined with PTFE and then sealed and placed this in
the 180 °C oven reaction for 6 h. The rate of temperature rise
was 5 °C min−1. The reaction was completed and cooled to
room temperature, and then we poured off the supernatant
and added deionized water for cleaning, followed by suspen-
sion through high-speed separation before being centrifuged
and cleaned with deionized water and then centrifuged again
to pour off the supernatant. The above steps were repeated
10 times before the solution was put into the oven and dried
at 35 °C to obtain nano-pore ellipsoidal spherical hematite
powder.

2.3 Characterization of hematite phase, morphology,
and transformation

2.3.1 X-ray diffraction

X-ray diffraction (XRD) analyses were carried out by the
press-flake method, and the test equipment was an X-ray
powder diffractometer (D/MAX2500, Japan). The test pa-
rameters were a Cu rotary target (λ= 1.5406 Å) with a max-
imum power of 18 KW and a 2θ angle test range from ∼ 0–
80°, and XRD spectra were collected by continuous step
scanning with a step size of 0.02° and a time of 30 s. The
XRD spectra were analysed by the X-ray powder diffrac-
tometer (D/MAX2500, Japan). The software for physical-
phase analysis was JADE 9.5.1. The XRD spectra were fitted
using a pseudo-Voigt function for microstructural analysis.

2.3.2 Scanning electron microscopy

The morphology and size of the particles were observed us-
ing a field emission scanning electron microscope FE-SEM
(Zeiss SUPRA-55, Germany), with a resolution of 0.8 nm,
15 kV and 1.6 nm, 1 kV; an accelerating voltage of 0.02–
30 kV, magnification of 12–1000000×, and a probe current
of 4 pA–20 nA. The Nano Measurer 1.2 was used to calculate
the size of each particle. A total of no fewer than 50 particles
were analysed using the Nano Measurer 1.2 software for sta-
tistical accuracy. The SEM samples were prepared by drop-
ping a suspension of particles prepared by dispersion in water
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under ultrasonic conditions onto a clean monocrystalline sil-
icon plate, which was then blown dry with a blow-dust ball;
the plate was cleaned by ultrasonic cleaning in water and then
in ethanol for 10 min before being cleaned with ultrapure wa-
ter and stored in a sealed container.

2.3.3 Scanning/transmission electron microscopy

A transmission electron microscope (TEM, JEOL JEM-
2100, Japan) was used for high-resolution microscopy. The
samples were then sprayed with gold to limit charge inter-
ference during imaging. Samples for TEM observation were
prepared by drop-casting the suspension onto a TEM copper
grid with a lace carbon film (300 mesh, Ted Pella, Inc).

2.3.4 Measure sample size

The Nano Measurer 1.2 software was used to measure the
size of nano-porous ellipsoid hematite and the surface pore
in hematite particles. The measurement method of the Nano
Measurer 1.2 software is based on the scale of SEM images.
We then obtained the length of the marked dimension line
of the test target and calculated the average value of all the
data further, and these average data were the final dimen-
sion obtained. The size of the nano-porous ellipsoid hematite
was obtained by 100 particles. The distribution of the aver-
age nano-porous size on the surface of hematite was obtained
by 200 pore points from 20 hematite particles.

3 Results and discussion

3.1 Phase evolution revealed by XRD

The XRD pattern of experimental products at 15 and 30 min
shows characteristic peaks of FeOOH(ICSD: 31136), includ-
ing reflections at 2θ = 21.2, 33.3, and 36.6°, corresponding
to the (110), (021), and (111) planes, respectively. As the re-
action progresses to 45 and 60 min, these peaks gradually
decrease, while the characteristic peaks of α-Fe2O3 begin
to emerge at 2θ = 24.1, 33.2, 35.6, 49.5, and 54.1°, indi-
cating phase transformation. At 90 and 120 min, the diffrac-
tion peaks of FeOOH disappear entirely, confirming its com-
plete transformation into hematite. This evolution supports
a dissolution–recrystallization pathway followed by a solid-
state transformation. As ferric chloride reacts with water to
form different iron oxides or iron hydroxides, ferric hydrox-
ide precipitates as a colloidal substance, which can cause the
solution to become cloudy in the initial stage. As the tem-
perature and heating time increase, ethanol reacts with iron
hydroxide to form an ethanol complex. Finally, the precipi-
tate undergoes a hydrothermal reaction at high temperature
to obtain pure-phase hematite. This is confirmed by XRD
analysis (Fig. 1). After heating for about 30 min, FeOOH is
first formed in the solution. The obtained XRD spectra are
in good agreement with the standard hematite XRD spectra

Figure 1. XRD patterns of products at different ageing times. The
initial product is ferric hydroxide and the final product is hematite.

(ICSD: 98-041-5251). This transformation process clearly
demonstrates the sequential phase evolution from FeOOH
to α-Fe2O3, driven by temperature-induced dehydration and
structural rearrangement.

3.2 Morphological evolution at different times

In the early stage of the reaction, the results indicate that
at the beginning of the reaction, a large amount of needle-
shaped FeOOH with an average grain size 43 nm formed
(Fig. 2a, b), which is consistent with previously reported (Liu
et al., 2008). As the reaction time increases, FeOOH forms
aggregates (Figs. 2c and 4a) and hematite nucleates (Fig. 4b)
and grows on the surface of the aggregates (Fig. 2c). After
continuous heating at high temperatures, the iron hydrox-
ide aggregates grew into 0.68± 0.1 µm elliptical hematite
particles with a width of 0.42± 0.1 µm (Figs. 2d to f and
3a). The crystal structure changes under high-temperature
heating, and the interior of the crystal contains some gas
or volatile substances. These gases may be released under
high-temperature conditions, causing pores to form on the
crystal surface. Finally, nano-pore ellipsoidal hematite grew
(Fig. 2f). The hematite particles have a surface pore diam-
eter of 27.36± 3 nm (Fig. 3b). This is very consistent with
the probability proposed by Das and Hendry (2014), Cha et
al. (2011), and Khani and Ebrahim (2023).

Based on Figs. 2c and 4b, it can be observed that FeOOH
aggregates are formed first, and hematite nucleates and grows
on the aggregates. The initial aggregates consist of two
phases: FeOOH and hematite. As the reaction time increases,
the FeOOH content in the aggregates undergoes solid-phase
transformation into hematite (Fig. 4c, d), and the free FeOOH
in the solution dissolves, promoting the growth of hematite.
The conversion of iron hydroxide into hematite involves si-
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Figure 2. Field emission SEM images of samples collected at different hydrothermal reaction times: (a) 15 min – nucleation of short rod-like
ferric hydroxide; (b) 30 min – development of dense acicular α-FeOOH structures; (c) 45 min – partial dissolution of FeOOH and formation
of aggregated clusters; (d) 60 min – emergence of initial ellipsoidal particles; (e) 90 min – further growth with increasing pore definition;
(f) 120 min – fully developed nano-porous ellipsoidal hematite with roughened surfaces and visible porosity.

Figure 3. (a) Particle size distribution histogram of hematite particles synthesized at 120 min, showing an average length of 0.68± 0.1 µm
and a width of 0.42± 0.1 µm. (b) Pore size distribution derived from nitrogen adsorption data, indicating dominant pore diameters around
27.36± 3 nm.

multaneous transformation and growth, forming highly crys-
talline nano-porous ellipsoidal hematite particles (Jiang et
al., 2016; Liu et al., 2005; Notini et al., 2022; Lamberov et
al., 2012; Ha et al., 2014). The transition of ferric hydrox-
ide into hematite is considered to be a dehydroxy-induced
structural transition, and the surface area of the particles in-
creases with this transition (Jian-ming et al., 2009; Sugimoto
and Muramatsu, 1996). During the heating process, parts of
the surface of the hematite crystals dissolve and then recrys-
tallize in the solution to form a new structure, resulting in the
formation of pores on the surface of the hematite (Cha et al.,
2011; Khani and Ebrahim, 2023).

3.3 Crystal growth mechanism

For the growth mechanism of nano-porous ellipsoids, it is
first necessary to clarify the formation of FeOOH aggre-
gates and the stage of phase transition. The rice-like nano-
porous morphology may arise from oriented attachment and
aggregation-induced self-assembly mechanisms widely re-
ported in oxide systems (Iler, 1979; Hamada and Matijević,
1981; Sugimoto and Muramatsu, 1996).Since smaller fer-
ric hydroxide does not have ordered vacancies, fewer par-
ticles may be formed through interfacial nucleation (Pan et
al., 2020). So the formation of FeOOH aggregates laid the
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Figure 4. Panels (a) and (b) show the 30 min sample; the processes of iron hydroxide dissolution and recrystallization form new nucleation
sites. The 45 min sample is shown in panels (c) and (d); it represents the nucleation process where solid-phase transformation and dissolution–
recrystallization coexist on the surface of hematite.

foundation for the final morphology of ellipsoidal hematite.
According to the XRD pattern and SEM results in this arti-
cle, phase transition and aggregation occur simultaneously.
As iron hydroxide is a metastable phase, it is more prone to
phase transition than hematite at higher temperatures and sur-
face energies. However, the initial aggregates are still dom-
inated by FeOOH. Mendili et al. (2012) also confirmed that
the crystal lattice parameters of ferric hydroxide hydrate may
change under high-temperature heating, and sufficient en-
ergy can be provided by increasing the temperature to dis-
sociate the hydrate and release water molecules. These pro-
cesses facilitate the alignment of primary nano-particles into
mesocrystals, followed by lattice fusion under hydrothermal
stress. According to Gibbs free-energy data (Cornell and
Schwertmann, 2003), hematite becomes the thermodynam-
ically favoured phase beyond∼ 80 °C, thereby corroborating
our observation of complete FeOOH-to-α-Fe2O3 conversion
after 120 min of hydrothermal ageing.

Therefore, we need to explain the form mechanism of
the porous structure on hematite particles. Vu et al. (2014)
emphasized that the repacking of the oxygen atomic layer
from the unidimensional to the hexagonal (hexagonal closest
packing) is inevitable during the transition of iron hydroxide
into hematite. The rhombohedral crystal structure of FeOOH
showed that iron (Fe) forms an octahedral structure with oxy-
gen (O) and hydrogen (H) (Fig. 5a) in hematite (Fig. 5b), in
which each Fe atom forms an ionic bond with the surround-
ing oxygen atom (Soboleva et al., 2022; Supattarasakda et al.,

2013). In the transition from a rhombohedral into a hexago-
nal system, the atoms need to be rearranged to fit the new
crystal structure (Shi and Xu, 2014; Meijer and Rossi, 2021).
This involves moving atoms from a rhombohedral system to
a tightly packed hexagonal energy level in a hexagonal struc-
ture. During this transition, dehydration leads to the collapse
of hydrogen-bonded water layers and reconfigurations of Fe–
O coordination (Hayes et al., 2016). The removal of struc-
tural water increases internal stress, resulting in anisotropic
lattice contraction or distortion. These local distortions create
structural mismatches and voids, which subsequently mani-
fest as surface and internal pores. Therefore, pore formation
in nano-ellipsoidal hematite is not merely a morphological
byproduct but is inherently coupled with the crystallographic
transition from monoclinic into hexagonal symmetry.

In summary, as shown in Fig. 6, the crystal growth mech-
anism of nano-porous elliptical hematite can be divided into
four stages: (1) Fe3+ nucleates and grows in solution to form
needle-shaped FeOOH. (2) FeOOH crystals grow and aggre-
gate into a micro-ellipsoid structure. (3) Under the combined
action of solid-phase transformation and dissolution recrys-
tallization, FeOOH is transformed into hematite. (4) Un-
der thermal stress, hematite particles undergo dehydration
and lattice rearrangement to drive the formation of pore
structures, ultimately transforming into ellipsoids containing
nano-pores.
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Figure 5. (a) Crystal structure diagram of FeOOH and (b) crystal structure diagram of hematite.

Figure 6. Schematic diagram of growth pathway of dense acicular ferric hydroxide to hematite.

4 Conclusions

This study elucidates the hydrothermal formation mecha-
nism and crystal growth pathway of nano-porous ellipsoidal
hematite derived from FeOOH precursors. It was demon-
strated that the transformation proceeds via a multi-step pro-
cess involving dissolution–recrystallization, interfacial nu-
cleation, and solid-state phase transition. Structural analysis
confirmed that the monoclinic-to-hexagonal transformation
is accompanied by lattice rearrangement and dehydration,
which jointly contribute to the generation of nano-pores on
the particle surface. These findings not only provide new in-
sights into the crystallographic evolution of iron oxide miner-
als but also offer a potential route for the controlled synthesis
of porous hematite with specific morphologies and proper-
ties. This work holds significant implications for mineralogy,
geochemistry, and advanced material fabrication.
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