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ABSTRACT: Hematite, as an important iron source, usually crystallizes in the
structure of rhombohedral R3̅c in nature. To date, reports on the major exposed
surface of hematite are still inconclusive. Herein, the fracture nature of hematite is
studied by the density functional theory (DFT) method. The fracture surface
morphology analysis predicts the fracture dominance of the (012) plane structurally.
Besides, the lowest surface broken bond density (Db) and the surface energy among
all of the investigated surfaces also establish the exposure priority of the (012) surface.
In addition, the (110) and (104) surfaces also show a strong fracture potential. In our
proposed partition model, the exposure priority of (110) and (104) surfaces in region
2 with a lower surface energy and surface broken bond density is second only to the
(012) surface. The other surfaces, except for the (012), (110), and (104) surfaces, are
divided into region 3; here, the exposure of the surfaces located in this region is
considered to be uncompetitive.

1. INTRODUCTION
Hematite, as an important iron source, usually crystallizes in
the structure of rhombohedral R3̅c in nature.1 The enrichment
and purification of hematite usually require a beneficiation
treatment. Flotation, as one of the main beneficiation methods
of hematite, usually achieves the separation of hematite from
gangue minerals by selectively enhancing the difference in
hydrophilicity and hydrophobicity of the mineral surface with
the help of flotation reagents.2,3 This determines that the
realization of flotation involves a complex interface chemistry
process. To accurately simulate the interfacial process, we
usually need to identify the major fracture surface of a
mineral.4 However, the major fracture surface of hematite is
still inconclusive.

The exposed surfaces of minerals generally include cleavage
surfaces and fracture surfaces.5,6 Generally speaking, the
cleavage surface is usually the major exposed surface of
minerals, while for minerals without a cleavage surface, the
determination of the major exposed surface is quite difficult.
Although the identification of commonly exposed surfaces in
cleavage-free minerals is challenging, it does not mean we have
no solution. It has been reported that there is anisotropy in the
fracture of mineral planes, and this fracture anisotropy makes
crystal planes show different exposure abilities.7,8 Interestingly,
the anisotropy of mineral crystals also shows the chargeability
difference of the different exposed surfaces, and there is a
significant correlation between the reactivity of mineral
surfaces and their chargeability.9,10 In addition, the anisotropy
of a mineral surface also plays an important role in the
adsorption priority of flotation reagents. For diaspores, the
adsorption of oleate on the (001) surface is easier than that on

the (010) surface, while the adsorption of oleate on the (001)
surface is much less than that on the (110) surface for
kaolinite.11 Such a discrepancy in the result indicates that
erroneous results will be obtained if the major exposed surface
of minerals cannot be well determined when studying the
flotation separation mechanism of minerals.

To evaluate the cleavage/fracture difficulty of mineral
crystals, Gao successively proposed theories such as the
surface broken bond density (Db)

12,13 and crystal surface
fracture energy (Sc)

14,15 and pointed out that for minerals with
only one type of fracture bond, the Sc is positively correlated
with Db. At present, the Db method has been successfully
applied to predict the major exposed surfaces of various
minerals and analyze the reactivity of different surfaces. Song et
al.16 found that the (112) surface with a smaller broken bond
density is more likely to be broken than the (001) surface,
thereby explaining the cleavage characteristics and exposed
surface properties of wulfenite. Wang et al.17 studied the crystal
anisotropy and mineral surface activity difference of
smithsonite, calcite, and dolomite by means of the Db method,
which provides a basis for the screening of high-efficiency
reagents. Zhu et al.18 analyzed the reactivity of different crystal
planes of spodumene with the help of the Db method. Similar
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application of the Db method is also reflected in the adsorption
behaviors of the anionic collector on the different surfaces of
cassiterite studied by Wu et al.19

Surface energy is another method commonly used to
characterize surface reactivity and the surface fracture
possibility.20 It is generally believed that the lower the surface
energy, the higher the stability of the crystal face and the
greater the fracture probability.21 Gao et al.8 found that there is
a good linear correlation between surface energy and surface
broken bond density, and the general rule is that the smaller
the surface energy, the smaller the surface broken bond
density. Some pieces of evidence have shown that this law
generally exists in sulfide minerals (such as pyrite, sphalerite),
oxide minerals (such as cassiterite, rutile, and anatase), and
salt-type minerals (barite).22

For hematite, Gao et al.22 believed that (012) and (104)
were the major exposed surfaces, which is consistent with the
report of Guo et al.,23 who observed clear lattice fringes of
hematite nanoparticles with a dihedral angle of 86° by a high-
resolution transmission electron microscope (HR-TEM), thus
confirming the dominant position of the hematite (012)
surface. However, Yuan et al.24 predicted that (110), (101),
and (011) were the main fracture surfaces of hematite from the
perspective of mechanical properties. In addition, it is reported
that the Fe-terminated surface of the (001) plane is also
considered a potential exposed surface.25−28

As mentioned, tremendous efforts have been made to
determine the commonly exposed surfaces of hematite through
experimental characterizations and theoretical calculations. It is
puzzling that these reports draw different conclusions, due to
which it will be difficult for us to determine which plane is the
major exposed surface for hematite. Herein, the main objective
of this fundamental research is to systematically investigate the
exposure ability of seven low-index surfaces and two reported
surfaces (012 and 104) of hematite through fracture surface
morphology, surface energy, and surface broken bonds density
to determine the major exposed surfaces of the hematite crystal
and provide guidance for subsequent interface adsorption
simulation.

2. COMPUTATIONAL METHODS AND MODELS
2.1. Computational Details. The density functional

theory (DFT) calculations for hematite models were calculated
using the CASTEP module in Materials Studio 2017. In the
calculations, the exchange-correlation potential was modeled
using generalized gradient approximation (GGA) parameter-
ized by Perdew, Burke, and Ernzerhof (PBE).29 The
interaction between ion cores and valence electrons was
described by Ultrasoft pseudopotentials, and the valence
electron configurations Fe 3d64s2 and O 2s22p4 were
performed. Owing to the strong electron correlations of Fe
series oxides, the effective Coulomb repulsion parameter U was
set as 4.2 eV for 3d electronic states of Fe atoms of hematite
with an antiferromagnetic ordering.25,30 The energy cutoff of
the plane wave was set as 380 eV.2 For self-consistent field
iteration, the Pulay density mixing method was employed with
a convergence tolerance of 2.0 × 10−6 eV/atom. The
convergence-tolerance values of energy, maximum force,
maximum stress, and maximum displacement were set as 2.0
× 10−5 eV/atom, 0.05 eV/Å, 0.1 GPa, and 0.002 Å,
respectively.
2.2. Surface Energy, Surface Broken Bond Density,

and Crystal Surface Fracture Energy. Surface energy (γ) is

a measure to characterize the thermodynamic stability of
surfaces, with a low value indicating a stable and fragile
surface.31 The surface energy can be calculated as follows32

=
×

×
E N E

A2
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where Es and Ebulk are the energies of the surface model and
the bulk cell, respectively, N is the formula units contained in
the surface model, and A is the surface area.

Surface broken bond density (Db) defined by Gao et al. is
calculated by the following formula8

=D N A/b b (2)

where Db is the broken bond number per nm2, and Nb and A
are the broken bond number and surface area of the slab
model, respectively.

The crystal surface fracture energy (Sc) is the ratio of the
sum of the fracture bond energies of various types of chemical
bonds on the crystal surface to the area of the corresponding
fracture plane. The Sc can be calculated as follows14
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where Nb(i) is the number of identical bonds i broken in a
specific crystal surface, n is the type of fracture bond, and E(i) is
the fracture energy of bond i.

3. RESULTS AND DISCUSSION
3.1. Bulk Cell and Slab Models. The bulk cell structure of

hematite in ref 33 was introduced as the initial structure for
hematite. The lattice parameters of the bulk cell are a = b =
5.0355 Å and c = 13.7471 Å. In structure optimization
calculations, the Brillouin zone mesh was sampled with 5 × 5 ×
2 for the bulk cell. The optimized bulk cell structure is shown
in Figure 1a; compared with experimental lattice parameters of
the initial structure, the largest discrepancy was only 2.54%,

Figure 1. Crystal structure of hematite: (a) optimized structure of the
hematite bulk cell, (b) rhombohedral unit cell of the optimized bulk
cell. Arrows represent the orientation of magnetic moments in the
antiferromagnetic alignment.
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which indicated that the optimized structure was reasonable
since the discrepancy was within the acceptable error value of
5%.34Figure 1b is the primitive cell of the optimized bulk cell
structure in Figure 1a, and it clearly reflects the antiferro-
magnetic arrangement of the bulk cell in Figure 1a.

The slab models of hematite were cleaved from the
optimized bulk cell structure in Figure 1a. The periodicity of
the crystal was retained during the construction process of the
slab models, and all of the constructed slab models were kept
neutral and stoichiometric to avoid polarizing electric fields.35

The symmetries of the top and bottom surfaces of the surface
model were fully considered while cleaving the surface. If the
atomic arrangement of the crystal structure does not allow
symmetry to be obtained for a particular surface, the cleaved
surface with the minimum density of broken bonds will be
considered. Based on the above-mentioned constraints, we

constructed nine surfaces of hematite, including seven low-
index surfaces, and two surfaces reported by Gao et al., who
believe that the (104) and (012) surfaces were the commonly
exposed surfaces of hematite particles.22 Finally, the surface
models with 20 Å vacuum thickness and 7−14 Å slab thickness
were constructed, and the corresponding lattice parameters,
surface area, broken bond number, and k-point mesh for the
surface calculations are listed in Table 1.
3.2. Fracture Surface Morphology Analysis. The

optimized optimal fracture planes of surfaces of hematite in
Table S1 are presented in Figure 2, and the broken bonds
generated on the surfaces during the surface cleaving process
are displayed in yellow. The (010) � (100) and (012) have
obvious layered structures, which indicates that the (010) �
(100) and (012) planes are most likely to be the major
exposed surfaces or cleavage surfaces of hematite. The

Table 1. Brillouin Zone Mesh, Surface Area, and Broken Bond Number (Nb) for Slab Models of Hematite

lattice parameters

slab models formula units (n) a (nm) b (nm) c (nm) surface area (nm2) Brillouin zone mesh Nb(tot) Nb(α) Nb(β)

(001) 4 1.0327 1.0327 3.3324 0.9235 3 × 3 × 1 24 0 24
(010) 4 1.3970 1.0327 2.7702 1.4426 2 × 3 × 1 32 16 16
(011) 4 1.0327 1.4893 2.8321 1.5147 3 × 2 × 1 32 16 16
(012) 4 1.0327 1.1058 2.9833 1.1419 3 × 3 × 1 16 16 0
(100) 4 1.0327 1.3970 2.7702 1.4426 3 × 2 × 1 32 16 16
(101) 4 1.1058 1.0327 3.2304 1.0098 3 × 3 × 1 24 8 16
(104) 4 1.5130 1.0327 2.7849 1.5624 2 × 3 × 1 32 16 16
(110) 4 1.5130 1.1058 2.7172 1.6658 2 × 3 × 1 32 16 16
(111) 4 0.8943 1.4893 3.0037 1.2705 3 × 2 × 1 30 15 15

Figure 2. Optimized surface models of hematite: (a) hematite (001) surface, (b) hematite (010) surface, (c) hematite (011) surface, (d) hematite
(012) surface, (e) hematite (100) surface, (f) hematite (104) surface, (g) hematite (101) surface, (h) hematite (110) surface, and (i) hematite
(111) surface.
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interlayer spacing (vertical distance between the bonding
atoms Fe and O) of the above three surfaces with layered
structures of hematite are 1.50 and 1.73 Å, respectively, and
the spacing of the (012) surface is 0.23 Å larger than that of
the (010) � (100) surfaces. From the results of the interlayer
spacing, the (012) surface is easier to expose than the (010) �
(100) surfaces. In addition, the (110) surface is also expected
to be a commonly exposed surface of hematite due to the
electrostatic repulsion between the adjacent O2− layers. For
(001), (101), (011), and (111) surfaces, the exposure
probability may be weak due to the disordered arrangement
of Fe and O atoms spatially. In addition, the exposure of the
(011) surface needs to cleave the (012) orientation obliquely,
which also reflects the difficulty of its exposure. In summary,
the special layered structures of the (012), (010) � (100) and
(110) surfaces show strong exposure potential to a certain
extent, but this exposure potential is not reflected on other
surfaces.
3.3. Surface Broken Bond Density. To further explore

the exposure ability of each plane of hematite, here, we made
statistics on the density of broken bonds on the surfaces of
hematite. The broken bond number and the surface area of the
surfaces in Figure 2 are listed Table 1. The calculated surface
broken bond densities of fracture surfaces are listed Table 2.
The broken bond density of the fracture surfaces follows the
order (001) > (101) > (111) > (010) � (100) > (011) >
(104) > (110) > (012), which is consistent with the research
results of Gao et al.,22 who investigated five fracture surfaces of
hematite, and the broken bond density of the fracture surfaces
has the following order: (001) > (101) > (104) > (110) >
(012). The above results show that the surface broken bond
density with a value of 25.99 nm−2 on the (001) plane is the
largest among all of the investigated surfaces, which indicates
that the exposure of (001) planes is not conducive, and the
strong electrostatic interaction between the alternately
arranged Fe3+ layers and O2− layers along the (001) surface
also prevents the fracture of the (001) planes. In addition, from
the perspective of crystal growth, hematite particles have
strong crystal plane selectivity in the process of mutual
aggregation and consolidation. Generally, the oriented attach-
ment of (001)hcp // (001)hcp and (001)hcp//(101)hcp
orientations are regarded as two major growth mecha-
nisms.22,36 The growth surfaces of the crystal usually have
high activity, so it is not realistic for hematite to fracture on
(001) and (101) planes. For the (010) � (100) and (012)
planes with the layered structures in Figure 2, the (012)
surface has the lowest surface broken bond density with a value
of 14.01 nm−2. In addition, the interlayer spacing of the (012)
surface is larger than that of (010) � (100) surfaces. In this
case, the (012) surface with a low broken bond density and a
large interlayer spacing can be regarded as a commonly
exposed surface of hematite particles. In addition, the (110)
and (104) surfaces with surface broken bond densities of 19.21
and 20.48 nm−2 also show a strong exposure ability.
3.4. Crystal Surface Fracture Energy. In hematite, the

central Fe atom is coordinated with six O atoms, and its
structure is shown in Figure 3. The FeO6 coordination

structure shows an irregular octahedral structure, so its Fe−O
bonds are not completely equivalent. The bond lengths
between the mirror symmetrical O atoms and the central Fe
atom are 1.984 and 2.163 Å, respectively; here, we mark them
as bond α and bond β.

Fracture energy is an important parameter to measure the
strength of chemical bonds. However, there is currently no
method to directly calculate the fracture energy of chemical
bonds in crystals. Gao et al.14 proposed a weighted bond
energy according to the bond order to approximate the fracture
energy. Here, we adopt a cluster model with H atoms
(FeO6H12) configured to approximate the fracture energy of
the Fe−O bonds shown in Figure 4. In geometric optimization,
the Fe−O frameworks FeO6 and FeO5 of FeO6H12 and
FeO5H10 clusters are constrained. The calculated fracture
energies of the α-bond and β-bond are 296.69 and 252.12 kJ/
mol, respectively. On this basis, we further obtain the surface
fracture energy of the specific crystal plane of hematite
according to formula 3. The crystal surface fracture energy of
hematite surfaces is shown in Table 3. This result shows that
the (012) surface possesses a significantly lower surface
fracture energy than the other surfaces, implying that the
(012) surface is the preferentially exposed surface of hematite.
Second, the (110) and (104) planes with surface fracture
energies of 4.39 and 4.68 J/m2 are also preliminarily predicted
to be the major exposed surfaces of hematite. For surfaces
other than (012), (110), and (104), the larger surface fracture
energies would prevent their exposure.

Figure 5 shows that there is a good linear relationship
between the surface fracture energy and the surface broken
bond density; the corresponding coefficient of determination
R2 is 0.973. Such a result indicates that the difference of Fe−O
bonds in hematite has little effect on the fracture properties of
each crystal plane of hematite. The main reason is that the
numbers of fractures of the α-bond and the β-bond on most
surfaces of hematite are equally distributed, and second, the
fracture energy difference between bond α and bond β is small,
which is not enough to cause the surface fracture energy of
some surfaces to seriously deviate from the fitting line.
3.5. Surface Energy. Surface energy helps understand the

surface stability and exposure performance of minerals, and the

Table 2. Surface Broken Bond Density (nm−2) for Slab Models of Hematite

references (001) (010) (011) (012) (100) (101) (104) (110) (111)

this work 25.99 22.18 21.13 14.01 22.18 23.77 20.48 19.21 23.61
ref 22 27.30 14.61 24.97 21.43 19.91

Figure 3. Coordination structure of the central Fe atom in the
optimized hematite crystal.
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calculation of surface energy requires the total energy of the
mineral surface model. The surface energies of the optimal
fracture termination of the surfaces for hematite are recorded
in Table S2. The results show that the surface energies of the
surfaces with and without dispersion correction show a good
linear relationship (R2 is 0.991 as shown in Figure S1). Given
the consistency with previous works,2,30 the results without
dispersion correction were used for subsequent analysis.

The surface energies for the relaxed and unrelaxed slab
models of hematite are listed in Table 4. The results show that
the surface energies of the optimized surface structures are
generally decreased, which indicates that the stability of the
surface structures after geometry optimization is improved.
Considering that the surface energies of the unrelaxed surfaces

can better reflect the strength of the destruction of
intermolecular chemical bonds at the moment of creating the
surface, the evaluation of the surface fracture ability should be
based on the surface energy of the unrelaxed surface structure.
The surface energies of the unrelaxed surfaces listed in Table 4
follow the order (012) < (110) < (104) < (001) < (101) <
(100) � (010) < (011) < (111). Among them, the surface
energy of the (111) surface with a value of 2.36 J/m2 is much
larger than that of the other investigated surfaces, indicating
that it is difficult to expose the (111) surfaces of hematite. It is
worth noting that the exposure of the (111) obliquely
truncated (110) plane does present great difficulties. The
(011) surface with a surface energy of 2.08 J/m2 ranks second
below the (111) surface, while the surface energy of the (011)
surface is the largest among all of the low-index surfaces
investigated by de Leeuw and Cooper,20 which indicates that
the exposure of the (011) surface is thermodynamically
unfavorable. In addition, it is also a challenge to obliquely
cleave the plate-like structure of the (012) surface to achieve
the exposure of the (011) surface due to the special crystal
structure of hematite. For the (010) � (100) surfaces,
although they have the same layered structure as the goethite
(010) perfect cleavage surface, the larger surface fracture bond
density (22.18 nm−2) and the moderately strong surface energy
(1.91 J/m2) hinder the exposure of the hematite (010) �
(100) surfaces. The (101) surface with a surface energy of 1.80
J/m2 ranks fourth next to (010) � (100) surfaces. The atomic
arrangement without the layered structure makes the (101)
surface impossible to be a cleavage plane of hematite, which
indicated that the exposure for the hematite (101) surface is
difficult. For the (001) surface, due to the high coordination
unsaturation of Fe atoms on the surface, the coordination field
of the surface Fe atoms will be distorted during the
optimization process to show a lower surface energy.
Therefore, the surface energy is not enough to judge the
exposure ability for the (001) surface. Here, we believe that the

Figure 4. Constraint optimization of the models for α-bond and β-bond fracturing while keeping the Fe−O frameworks unchanged.

Table 3. Crystal Surface Fracture Energies (J/m2) of the Hematite Surfaces

surfaces (001) (100)�(010) (011) (012) (101) (104) (110) (111)

Sc 5.46 5.07 4.83 3.46 5.29 4.68 4.39 5.40

Figure 5. Linear fitting correlation analysis plot of crystal surface
fracture energy and surface broken bond density.

Table 4. Surface Energies (J/m2) for the Relaxed and Unrelaxed Slab Models of Hematite

state references (001) (100)�(010) (011) (012) (101) (104) (110) (111)

relaxed this work 0.92 1.11 1.20 1.07 1.19 1.10 1.05 1.51
unrelaxed this work 1.78 1.91 2.08 1.41 1.80 1.56 1.52 2.36

20 1.78 1.99 2.41 1.88 2.34 2.03 2.07

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06101
ACS Omega 2023, 8, 8248−8255

8252

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06101/suppl_file/ao2c06101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06101/suppl_file/ao2c06101_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06101?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exposure of the (001) surface is difficult from the perspective
of the surface broken bond density and the orientation of
crystalline growth.22,36 The (110) surface has been reported to
be a possible exposed surface of hematite.37,38 The atomic
arrangement of the (110) surface is constructed by the
alternating −Fe−O−O− unit layers, which makes the (110)
surface easy to fracture due to the electrostatic repulsion of the
adjacent O layers. In addition, lower surface energy (1.52 J/
m2) and surface broken bond density (19.21 nm−2) are also
favorable for the exposure parallel to the (110) plane. For the
(104) surface, the surface broken bond density and the surface
energy are very close to the (110) surface, which to some
extent recognizes the exposure of the (104) surface, and
previous studies also tend to identify the exposure of the (104)
surface for isomorphous ilmenite-hematite series.21,22,39−41

Besides, the (012) surface with a layered structure is also
predicted to be a major exposed surface of hematite due to its
extremely low broken band density (14.01 m−2) and surface
energy (1.07 J/m2), and the exposure ability of the (012)
surface is better than that of (110) and (104) surfaces. In
addition, HR-TEM also confirmed the extensive exposure of
the (012) surface in the hematite particles.23

3.6. Two-Dimensional Model for Assessing the
Hematite Fracture Nature. The two-dimensional model of
the relationship between surface energy and surface broken
bond density is drawn in Figure 6a. It can be seen that the
surface energies and surface broken bond density of the
surfaces showed a bad linear relationship, and the coefficient of
determination R2 is 0.608. It is particularly noteworthy that all
surfaces except for (012) and (010) � (100) surfaces show
strong discreteness. Therefore, separate analysis of the surface
fracture bond density or surface energy is not enough to
accurately evaluate the fracture performance of each crystal
plane of hematite.

Here, to more intuitively and accurately evaluate the
exposure ability of the hematite surfaces, we subdivide the
fracture ability of each surface of hematite into three regions.
The surface in region 1 with a low fracture bond density and
surface energy is the most ideal exposed surface of hematite,
and only the (012) surface exists in this region. The surfaces in
region 3 possess a high surface energy, or high fracture bond
density, or both. The exposure ability of the surfaces in this
region is significantly weaker than that in region 1. Most of the

crystal surfaces of hematite are located in this area, which
shows their poor exposure ability. The surfaces in region 2
possess a moderate level of surface energy or surface broken
bond density, the exposure ability of surfaces (110) and (104)
in this region is weaker than that of region 1 but advantageous
to that of region 3. In summary, the exposure ability of the
seven surfaces in region 3 is relatively difficult. The major
exposed surfaces of hematite should be the (012) surface in
region 1 and the (110) and (104) surfaces in region 2, and the
exposure ability of the (012) surface is superior to that of the
(110) and (104) surfaces. Figure 6b shows the relationship
between the surface energy and the crystal surface fracture
energy. Due to the crystal surface, the fracture energy shows a
good linear relationship with the surface broken bond density;
in the two-dimensional model of Figure 6b, the region where
each crystal plane is located is consistent with that of Figure 6a,
which suggests the exposure priority of the (012), (110), and
(104) surfaces. To summarize, we have reason to believe that
the major exposed surfaces of hematite are (012), (110), and
(104) surfaces.

4. CONCLUSIONS
In this work, the exposure abilities of seven low-index surfaces
and two reported potentially exposed surfaces of hematite were
predicted by fracture surface morphology analysis, surface
broken bond density, and surface energy based on DFT
calculations. The fracture surface morphology analysis
preliminarily determined that the (012) surface with large
interlayer spacing and the (110) surface with strong electro-
static repulsion of the adjacent O2− layers have obvious
fracture superiority. This fracture superiority is also reflected in
the surface broken bond density and surface energy. The (012)
surface with a special layered structure has the lowest surface
broken bond density and surface energy among all surfaces,
which establishes its priority in fracture. In addition, the (110)
and (104) planes with a relatively low surface energy and
surface fracture bond density are also predicted to be the major
fracture planes of hematite. They are located in region 2 in our
proposed hematite fracture model, and the exposure priority is
second only to the (012) surface. Surfaces other than (012),
(110), and (104) possess a high surface energy or a high
surface broken bond density, or both, which determines that
their exposure probability is very low.

Figure 6. Two-dimensional models: (a) relationship between the surface energy and surface broken bond density, and (b) relationship between the
surface energy and crystal surface fracture energy.
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Density functional theory study on the effect of OH and Cl
adsorption on the surface structure of alpha-Fe2O3. Comput. Theor.
Chem. 2017, 1100, 91−101.
(27) Song, Z.; Wang, B.; Yu, J.; Ma, C.; Zhou, C.; Chen, T.; Yan, Q.;

Wang, K.; Sun, L. Density functional study on the heterogeneous
oxidation of NO over alpha-Fe2O3 catalyst by H2O2: Effect of
oxygen vacancy. Appl. Surf. Sci. 2017, 413, 292−301.
(28) Wang, R. B.; Hellman, A. Surface terminations of hematite

(alpha-Fe2O3) exposed to oxygen, hydrogen, or water: dependence
on the density functional theory methodology. J. Phys.: Condens.
Matter 2018, 30, No. 275002.
(29) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient

Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(30) Zhang, H.; Xu, Z.; Chen, D.; Hu, B.; Zhou, Q.; Chen, S.; Li, S.;

Sun, W.; Zhang, C. Adsorption mechanism of water molecules on
hematite (104) surface and the hydration microstructure. Appl. Surf.
Sci. 2021, 550, No. 149328.
(31) Cheng, Z.; Zhu, Y.; Li, Y.; Butt, S. Experimental and MD

simulation of 3-dodecyloxypropanamine and 3-tetradecyloxypropyl-
amine adsorbed onto quartz (101) surface. Int. J. Min. Sci. Technol.
2021, 31, 1033−1042.
(32) Qi, C.; Spagnoli, D.; Fourie, A. DFT-D study of single water

adsorption on low-index surfaces of calcium silicate phases in cement.
Appl. Surf. Sci. 2020, 518, No. 146255.
(33) Maslen, E. N.; Streltsov, V. A.; Streltsova, N. R.; Ishizawa, N.;

Satow, Y. Synchrotron X-ray study of the electron density in alpha-
Al2O3. Acta Crystallogr., Sect. B: Struct. Sci. 1993, 49, 973−980.
(34) Rath, S. S.; Sinha, N.; Sahoo, H.; Das, B.; Mishra, B. K.

Molecular modeling studies of oleate adsorption on iron oxides. Appl.
Surf. Sci. 2014, 295, 115−122.
(35) Noguera, C. Polar oxide surfaces. J. Phys.: Condens. Matter

2000, 12, R367−R410.
(36) Bandi, S.; Srivastav, A. K. Understanding the Growth

Mechanism of Hematite Nanoparticles: The Role of Maghemite as
an Intermediate Phase. Cryst. Growth Des. 2021, 21, 16−22.
(37) Catalano, J. G.; Fenter, P.; Park, C. Water ordering and surface

relaxations at the hematite (110)-water interface. Geochim. Cosmo-
chim. Acta 2009, 73, 2242−2251.
(38) Sun, L.; Zhan, W.; Li, Y.-A.; Wang, F.; Zhang, X.; Han, X.

Understanding the facet-dependent catalytic performance of hematite
microcrystals in a CO oxidation reaction. Inorg. Chem. Front. 2018, 5,
2332−2339.
(39) Meftah, Y.; Bekker, D.; Benhaoua, B.; Rahal, A.; Benhaoua, A.;

Hamzaoui, A. H. Post annealing effect on structural and optical
properties of (α-Fe2O3) thin films prepared by spray pyrolysis with
moving nozzle. Dig. J. Nanomater. Biostructures 2018, 13, 465−474.
(40) Zhang, H.; Sun, W.; Zhang, C.; He, J.; Chen, D.; Zhu, Y.

Adsorption performance and mechanism of the commonly used

collectors with Oxygen-containing functional group on the ilmenite
surface: A DFT study. J. Mol. Liq. 2022, 346, No. 117829.
(41) Qin, W.; Lin, C.; Cheng, W.; Xiao, X. Enhancing the Activity of

Iron Based Oxygen Carrier via Surface Controlled Preparation for
Lignite Chemical Looping Combustion. Chem. J. Chin. Univ. 2015,
36, 116−123.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06101
ACS Omega 2023, 8, 8248−8255

8255

https://doi.org/10.1016/j.gca.2007.01.002
https://doi.org/10.1016/j.gca.2007.01.002
https://doi.org/10.1016/j.gca.2007.01.002
https://doi.org/10.3389/fchem.2019.00886
https://doi.org/10.3389/fchem.2019.00886
https://doi.org/10.1016/S1003-6326(14)63428-2
https://doi.org/10.1016/S1003-6326(14)63428-2
https://doi.org/10.1016/j.apcatb.2019.118506
https://doi.org/10.1016/j.apcatb.2019.118506
https://doi.org/10.1016/j.powtec.2020.08.041
https://doi.org/10.1016/j.powtec.2020.08.041
https://doi.org/10.1063/1.4804999
https://doi.org/10.1063/1.4804999
https://doi.org/10.1016/j.comptc.2016.12.009
https://doi.org/10.1016/j.comptc.2016.12.009
https://doi.org/10.1016/j.apsusc.2017.04.011
https://doi.org/10.1016/j.apsusc.2017.04.011
https://doi.org/10.1016/j.apsusc.2017.04.011
https://doi.org/10.1088/1361-648X/aac743
https://doi.org/10.1088/1361-648X/aac743
https://doi.org/10.1088/1361-648X/aac743
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.apsusc.2021.149328
https://doi.org/10.1016/j.apsusc.2021.149328
https://doi.org/10.1016/j.ijmst.2021.10.007
https://doi.org/10.1016/j.ijmst.2021.10.007
https://doi.org/10.1016/j.ijmst.2021.10.007
https://doi.org/10.1016/j.apsusc.2020.146255
https://doi.org/10.1016/j.apsusc.2020.146255
https://doi.org/10.1107/S0108768193006901
https://doi.org/10.1107/S0108768193006901
https://doi.org/10.1016/j.apsusc.2014.01.014
https://doi.org/10.1088/0953-8984/12/31/201
https://doi.org/10.1021/acs.cgd.0c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.gca.2009.02.001
https://doi.org/10.1016/j.gca.2009.02.001
https://doi.org/10.1039/C8QI00548F
https://doi.org/10.1039/C8QI00548F
https://doi.org/10.1016/j.molliq.2021.117829
https://doi.org/10.1016/j.molliq.2021.117829
https://doi.org/10.1016/j.molliq.2021.117829
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

