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Abstract: The reactivity of mineral surfaces in the fundamental processes of adsorption,
dissolution or growth, and electron transfer is directly tied to their atomic structure.
However, unraveling the relationship between the atomic surface structure and other
physical and chemical properties of complex metal oxides is challenging due to the mixed
ionic and covalent bonding that can occur in these minerals. Nonetheless, with the rapid
increase in computer processing speed and memory, computer simulations using different
theoretical techniques can now probe the nature of matter at both the atomic and
sub-atomic levels and are rapidly becoming an effective and quantitatively accurate
method for successfully predicting structures, properties and processes occurring at mineral
surfaces. In this study, we have used Density Functional Theory calculations to study the
adsorption of benzene on hematite (a-Fe,Os3) surfaces. The strong electron correlation
effects of the Fe 3d-electrons in a-Fe,O; were described by a Hubbard-type on-site
Coulomb repulsion (the DFT+U approach), which was found to provide an accurate
description of the electronic and magnetic properties of hematite. For the adsorption of
benzene on the hematite surfaces, we show that the adsorption geometries parallel to the
surface are energetically more stable than the vertical ones. The benzene molecule interacts
with the hematite surfaces through n-bonding in the parallel adsorption geometries and
through weak hydrogen bonds in the vertical geometries. Van der Waals interactions are
found to play a significant role in stabilizing the absorbed benzene molecule. Analyses of
the electronic structures reveal that upon benzene adsorption, the conduction band edge of
the surface atoms is shifted towards the valence bands, thereby considerably reducing the
band gap and the magnetic moments of the surface Fe atoms.
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1. Introduction

Iron oxides constitute one of the largest mineral groups on Earth and are composed of principally
iron and oxygen and/or hydroxide. They are ubiquitous in nature and are present in soils and rocks, in
lakes and rivers, on the seafloor, and in organisms [1]. To date, sixteen different types of iron
oxides are known which differ in composition, oxidation state of Fe and, most importantly, in crystal
structure [1,2]. The diversity in chemical structure and physical properties of the iron oxide phases
provide many different applications at the research and industrial levels (see Figure 1). Iron oxides
have been investigated for their potential use in a wide range of important applications, such as
catalysis, electrochemistry, magnetization, biomedical science, as pigments in ceramic glazes, and in
environmental applications [3—-8]. Hematite, maghemite, and magnetite, for example, are used as
catalysts in the Fischer-Tropsch synthesis of hydrocarbons and ammonia [9-14], and in the synthesis
of styrene through the dehydrogenation of ethylbenzene [15-17]. Iron oxides are also important as
pigments, where natural and synthetic pigments are used in the manufacture of red, brown, and black
paints or as admixtures, for example in colored glasses [18—20]. Other industrial applications of iron
oxides are in magnetic devices [21,22], or semiconductors [23], when the iron oxide can be
incorporated into the interlayer of layered compounds as semiconductor pillars which show excellent
photocatalytic activity. In medical applications, nanoparticulate magnetic and super-paramagnetic iron
oxides have been used for drug delivery in the treatment of cancer [24,25].

Figure 1. Scheme of the different scientific disciplines concerned with iron oxides.
Reproduced with permission from reference [2]. Copyright 2003 John Wiley and Sons.
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There has also been considerable interest in using iron oxides and hydroxides to remove
environmental pollutants from underground water and soil sediments due to their characteristically
high surface areas, higher adsorption affinity and capacity, and faster adsorption rate in comparison to
many other adsorbents [26-29].

The adsorption of organic and inorganic pollutants on mineral surfaces is an important process in
environmental chemistry as the adsorption processes influence the transport and activity of
contaminants in soils, sediments, and water, and therefore affect the bioavailability, biodegradability,
and fate of harmful organic wastes [30—32]. To understand and influence these processes it is desirable
to obtain a detailed insight into the individual interactions at the molecular level. Although many
experiments have been devoted to sorption of inorganic oxyanions (chemical compounds with the
generic formula A,O,” : e.g., phosphate (PO,’") [33-44] and organic compounds (including organic
acids, amines, sugars, fatty acids, phenols, alkanes, and a range of aromatic compounds) [2,45-52] on
iron (hydr)oxides, the detailed mechanism of sorption is not completely clear. The diverse interactions
and reactions occurring at the surface or in the interlayer space of iron oxide minerals creates a
complex situation that is difficult to interpret. In this situation, computer simulation methods become a
very useful tool to study surface complexes at the molecular level to provide detailed insight into the
surface and electronic structures and adsorption processes.

During the last two decades, an increasing number of theoretical investigations have been
performed to describe the bulk and surface properties of iron (hydr)oxides. The interactions of various
molecular species with iron (hydr)oxide surfaces have also been extensively investigated. The
magnetic and electronic structure of a-Fe,Os has been studied via the Density Functional Theory
methods [53-57], whereas similar calculations of point defects (e.g., interstitials, vacancies and
substitutional dopants) in hematite have shown these to have profound effects on the electronic
properties [S7—60]. Trainor ef al. [61] and Wang et al. [62] have computed various possible structures
of the hematite (0001) surface using spin-density functional theory, whereas, de Leeuw and Cooper
have employed classical interatomic potential calculations to simulate the hydrated surface structures
of white rust [Fe(OH),], goethite (FeOOH) and hematite (a-Fe,Os) [63]. The structure of the {0001}
and {0112} surfaces of hematite and their interaction with water have also been reported by other
theoretical groups [64-72]. Some of these calculations have shown that adsorbed water molecules
dissociate heterolytically on the (1 x 1)-a-Fe,O3(0112) surface and that the presence of surface
hydroxyls results in large interlayer relaxations [64]. Rustad et al. [73] and Shroll et al. [74] have used
classical interatomic potential calculations and molecular dynamics simulations to investigate the
goethite-water interface, whereas the surface energies of the different surface terminations of goethite
were investigated by Rakovan et al. at ab initio level, applying periodic boundary conditions [75].

Computer simulations have also been used successfully to investigate the interactions and
properties of oxyanions on iron (hydr)oxides surfaces, predicting the stable adsorption complexes and
the mechanisms of sorption [76—87]. Spectroscopic studies [34—44] and pressure-jump relaxation
kinetics measurements [84,85] have shown that arsenate and phosphate adsorb on iron (hydr)oxide
through the formation of inner-sphere surface complexes. However, the nature of the inner-sphere
complex has been controversial as none of these studies had the ability to determine directly the
registry of the adsorbed phosphate and arsenate on iron (hydr)oxides surfaces. In an attempt to resolve
the controversy over the inner-sphere surface complexation mechanism, Sherman et al. performed
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density functional theory (DFT) calculations to predict the geometries and relative energies of
AsO4-FeOOH surface complexes and found the bidentate corner-sharing complex to be substantially
more favored energetically (by 55 kJ/mol) over the hypothetical edge-sharing bidentate complex [76].
The bidentate corner-sharing complex was recently predicted with DFT calculations for arsenate on
hematite surface [77], whereas quantum mechanical calculations were also applied to resolve the
controversies about sulphate surface complexes on iron hydroxides [79,83]. Similarly, the adsorption
structures of Cr(VI) [78], Se(IV) [86], and Sb(IIl) and Sb(V) [87] species on hematite surfaces have
also been studied using DFT methods within periodic slab models.

There also exists a large literature on sorption studies conducted with natural minerals and other
geosorbents, like sediments or soils, with varying organic matter content [88—101]. For example, the
interaction between the (110) goethite surface and acetic acid, acetate, 2,4-dichlorophenoxyacetic acid,
2,4-dichlorophenoxyacetate and benzene have been studied by means of quantum mechanical
calculations using the B3LYP approach [88], whereas the interaction of esters and acids with iron
oxide surfaces has also been reported [47,89]. Molecular dynamics simulations have been used to
study the adsorption processes associated with the deposition of n-alkanes (e.g., wax) on hematite
surfaces [91-93]. The sorption of hydrophobic organic contaminants (HOC), including benzene and
polycyclic aromatic hydrocarbons (PAHs), from aqueous solutions to the surface iron oxide mineral
phases has been intensively investigated over the past three decades [102—106]. Several competing
mechanisms are proposed to explain the sorption of PAHs to the mineral surfaces. For non-polar
hydrophobic species like PAHs, a charge-induced dipole-dipole interaction between the positively
charged sorption domain and the electron-rich n-system of the aromatic ring has been suggested [107].
Another suggestion based on cation-m interactions between the m-electrons of aromatic rings
and cations was recently identified in a wide range of natural systems, including the sorption of the
mono-aromatic ring of benzene and benzene substitutes to specific soil organic matter domains or to
mineral surfaces [108—110]. However, despite these proposed explanations, evidence of the detailed
nature of the interactions of PAHs with mineral surfaces at a molecular level are still limited. It was
only recently that the interaction of benzene with the mineral goethite was studied by means of
quantum mechanical calculations based on density functional theory [88]. Similarly, a systematic DFT
study of the interactions between a set of mono- and polycyclic aromatic hydrocarbons and the
(110) goethite surface have shown that these species form relatively weak surface complexes having
their molecular plane parallel to the surface plane [29]. The source of the mineral-adsorbate
interactions was attributed to the polarization of the n-system by polar OH groups and to the formation
of weak hydrogen-bonds where the m-system acts as a proton acceptor.

Despite the significant interest in understanding the interactions of organic compounds with iron
oxide surfaces, the sorption mechanism of aromatic compounds on hematite surfaces is still not clear.
In this paper we present the results of the molecular adsorption of benzene on the (0001) and (011 2)
surfaces of hematite under vacuum conditions using Density Functional Theory techniques. Insight
into the nature of binding of benzene at the hematite surfaces is discussed and the effect of the
adsorbed benzene molecule on the electronic and magnetic properties of hematite surfaces before and
after adsorption is analyzed. Our calculations show that the chemisorbed benzene molecule decreases
the magnetic moment of the interacting surface Fe atoms.
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2. Computational Methods

Geometry optimizations were carried out using the Vienna Ab-initio Simulation Package (VASP)
code [111-114], which employs a basis set of plane-waves to solve the Kohn-Sham equations of
the density functional theory in a periodic system. All calculations were spin-polarized and the
exchange-correlation energy was calculated within the generalised gradient approximation (GGA)
using the form of the functional proposed by Perdew and Wang (PW91) [115,116]. To correct for the
strong electronic correlation of the Fe 3d-electrons, the GGA+U method (U = 5.0 eV) is applied in the
form proposed by Liechtenstein and Dudarev et al. [117,118]. The reader is referred to Reference [119]
for the implementation within VASP and a more detailed description of the GGA+U method.
Dispersion forces were accounted for in our calculations using the DFT-D2 method of Grimme [120],
which accurately describes the interaction between organic molecules and solid surfaces [121,122].
The Brillouin zone was sampled using 11 X 11 x 7 and 5 X 5 X 1 Monkhorst-Pack [123] mesh k-points
for bulk and surface calculations, respectively. For the final single-point runs for the calculation of the
electronic and magnetic properties, a mesh of 7 X 7 x 1 k-points were employed. Such dense grids and
a truncation kinetic energy of 400 eV for the plane waves ensured an accurate description of properties
that are influenced by sharp features in the density of states.

The structure of bulk hematite was modeled by a hexagonal cell consisting of six formula units and
the different surface structures were modeled with (2 x 2) supercells ensuring that the minimum
distance between the benzene molecule and its images in the neighboring cells is ~5 A. A vacuum
region of 15 A was tested to be sufficient to avoid interaction between slabs. The atoms of the
adsorbate and the four topmost layers of the slab were allowed to relax unconstrained until residual
forces on all atoms reached 0.01 eV/A. We did not include symmetry constraints in the structural
optimization; in particular, the adsorbate was free to move away laterally and vertically from the initial
site or reorient itself to find the minimum energy adsorption structure. For the isolated benzene
molecule we used a cell with lattice constants of 15 A, sampling only the I'-point of the Brillouin zone.

3. Results and Discussion
3.1. Bulk a-Fe;O; Structure

Among the iron oxides, corundum-type a-Fe,Os (hematite) is the most thermodynamically stable
form of iron oxide under ambient conditions and as such, it is also the most common form of
crystalline iron oxide [1]. Hematite is isostructural with corundum (a-Al,O3) and cromia (a-Cr,03),
which have been studied extensively, both by means of atomistic simulation techniques and
experimentally [53-57,63,124-126]. The hematite structure contains iron and oxygen atoms arranged
in a trigonal-hexagonal scalenohedral (class) structure with space group R-3c and lattice parameters
a=b=5.0356 A, c = 13.7489 A, with six formula units per unit cell [1]. The trigonal-hexagonal and
the primitive thombohedral cells are shown in Figure 2.
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Figure 2. Schematic illustration of the (a) hexagonal unit cell and (c¢) the rhombohedral
primitive cell of a-Fe,O;. The face-sharing octahedra in (a) and (c) are shown in (b) and (d)

respectively. Color scheme: Fe = grey and O = red.

(b) © @

It is easy to understand the hematite structure based on the packing of the anions, O*", which are

arranged in a hexagonal closed-packed lattice along the [001] direction with the cations (Fe’")
occupying two-thirds of the octahedral interstices in the hexagonal unit. The arrangement of the
cations produces pairs of FeOq octahedra that share edges with three neighboring octahedra in the
same plane and one face with an octahedron in an adjacent plane in the [001] direction (see Figure 2b).

The arrangement of the oxygen anions and the high-spin (d’) iron cations naturally affects the
orientation of the iron atoms’ spin magnetic moment and thus the observed bulk magnetic properties of
hematite. In this study, we have probed different magnetic configurations and have found that the
lowest energy corresponds to the antiferromagnetic structure, in agreement with experimental
observations [2]. The anti-ferromagnetic (AFM) structure is shown in Figure 3 where iron atoms are
coupled ferromagnetically within a single octahedral layer, and alternating layers are coupled
anti-parallel along the [0001] direction [127,128]. However, as all iron atoms have an equivalent
octahedral environment, the electronic and magnetic properties will be the same at each iron site.

Given the fact that the Fe 3d-electrons in a-Fe,O; are strongly correlated, methods beyond standard
density functional theory (DFT) are needed to correctly describe the system in terms of electronic and
magnetic properties. Earlier standard DFT studies of bulk a-Fe,Os; have shown that these correlation
effects cannot be treated appropriately within the local-spin density approximation (LSDA), even with
the spin-polarized generalized-gradient approximation (SGGA) [55,129,130]. These standard DFT
calculations predicted band gaps that were too small or non-existent, magnetic moments too small,
and also incorrect positions of the iron 3d-orbitals in relation to the oxygen 2p states, characterizing
the a-Fe,Os as a d-d Mott-Hubbard insulator, whereas the spectroscopic evidence argues in favor of a
charge-transfer insulator [131-133].
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Figure 3. Hexagonal a-Fe,0; lattice with anti-ferromagnetic spin arrangements indicated by
up (yellow) and down (white) arrows at the Fe sites. Color scheme: Fe = grey and O = red.

In this study, the strong intra-atomic electronic correlations were accounted for by adopting the
DFT-GGA+U approach, which adds an on-site Coulomb repulsion to the DFT Hamiltonian. We have
tested different U-values and their implications for the electronic band-gap and Fe magnetic moment and
found that U = 5.0 eV provides a good description of the band-gap (2.1 eV) and the Fe magnetic moment
(4.23 pg), which compares well with the experimental band-gap (1.9-2.2 ¢V) [134] and Fe magnetic
moment (4.6-4.9 ) [135,136]. The calculated lattice parameters a = b = 5.024 A and ¢ = 13.658 A
are also in good agreement with experiment [1]. Rohrbach et al. [54] and Bandyopadhyay et al. [56]
have also shown that the DFT+U method (U-value = 5 eV) provides a good description of the
band-gap and magnetic moment of Fe in hematite and chromia (Cr,O3) and our calculated gap
width and Fe magnetic moments compares very well with the results of other recent theoretical
calculations [137,138]. In Figure 4, we show how the electronic band-gap increases with increasing
strength of the on-site Coulomb repulsion, where U = 5 eV predicts the gap width (2.1 eV), which falls
within the experimental range (shaded area). It is also evident from the density of states plotted at
U =75 eV (see Figure 5) that the occupied states near the Fermi level are mainly composed of the O 2p
states with a small contribution of the Fe 3d states, in agreement with experimental measurements that
show that hematite has the valence band edge dominated by the O 2p states [131-133]. The conduction
band is dominated by Fe 3d states, suggesting that a-Fe,O; is an O 2p — Fe 3d charge transfer
insulator in agreement with the experimental evidence.
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Figure 4. Electronic band-gap for o-Fe,O; plotted against different U-values. The
experimental band-gap range is indicated by the shaded area.
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Figure 5. Density of states (DOS) of a-Fe,O3 with GGA+U =5 eV. The Fermi level is set

to zero as shown by the dashed line.
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3.2. The Structure of o-Fe,O; Surfaces

Unravelling the relationship between the atomic surface structure and other physical and chemical
properties of metal oxides is challenging due to the mixed ionic and covalent bonding often found in
metal oxide systems [139]. Theoretical calculations have, however, proven to be an indispensable
complementary tool to experiments in elucidating our understanding of the surface structures of metal
oxides and they have been used extensively to study the structure of the clean and hydrated hematite
surfaces in the literature [63—-72].

The {0001} and {0112} surfaces of natural hematite have been shown to be the dominant growth
faces [2] and these planes are therefore the ones studied in this work as well. Earlier investigations of
the (0001) surface of both bulk a-Fe,Os and epitaxial thin films, using qualitative low energy electron
diffraction (LEED) [140-144] and scanning tunneling microscope (STM) [145-150], have shown
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significant variations in the nature of the surface ordering depending on the method of surface
preparation. Detailed structural characterization of the {0001} surface under ultrahigh vacuum and
clean conditions revealed that both Fe- and O-terminations coexist under different conditions of
temperature and oxygen partial pressure [149—152]. Theoretical calculations by Trainor ef al. [61] and
Wang et al. [62] showed that the {0001} surface can be terminated by either a single or double Fe
layer or by oxygen ions, although the unreconstructed double Fe-termination and oxygen-terminated
surface are dipolar. We have, therefore, considered only the non-polar single Fe-termination in this
study where the top and side views are schematically shown in Figure 6.

We have found that the single-iron terminated {0001} surface shows strong relaxations of the
surface layers and interlayer spacings, a characteristic of most metal oxide surfaces. The surface
energy of the single-iron terminated {0001} is calculated to be 1.66 J m > similar to the results of de
Leeuw et at. [63], Mackrodt et al. [153], and Reeves and Mann [154]. In Table 1, we summarize the
optimized interlayer spacings compared with previous theoretically predicted values and experimentally
observed interlayer spacings (Thevuthasan et al.) using X-ray photoelectron diffraction [151].
Generally, our calculated inward relaxations of the layer spacings of the single-Fe terminated
a-Fe,03(0001) surface are consistent with the X-ray photoelectron diffraction results and with earlier
theoretical calculations [62,65] but the magnitude of the relaxation differs.

Figure 6. Schematic representation of the side and top views of the single Fe-terminated
a-Fe,03(0001)-p(2 x 2) surface structures. The terminating Fe atoms are highlighted in
yellow circles in the top view. Color scheme: iron = grey and O = red.

Table 1. Optimized interlayer spacing (A) and percent relaxations for
terminated a-Fe;O3(0001) surfaces.

the single-iron

L. L1-L2 L2-L3 L3-1L4 L4-LS
Investigations
(bulk =0.85) (bulk=0.85) (bulk=0.61) (bulk=0.85)
Theory (This work) 0.40 (—52%)  0.91 (+8%)  0.45 (—26%) 1.05 (+23%)
Theory (Wang et al. [62]) 036 (=57%)  0.90 (+7%)  0.46 (23%) 0.97 (+15%)
Theory (Wasserman ef al.[65]) 0.43 (—49%)  0.82(—3%)  0.36 (-40%) 1.02 (+21%)
Theory (de Leeuw et al. [63]) 0.21 (=76%)  0.90 (+7%)  0.42(31%) 0.97 (+15%)

XPD (X-ray photoelectron diffraction)
(Thevuthasan ef al. [151])

0.50 (—41%)

1.0 (+18%)

0.55 (~9%)

1.24 (+47%)




Minerals 2014, 4 98

The antiferromagnetic ordering of the bulk hematite is retained at the (0001) surface. We have
however found that the magnetic moments of the surface layer Fe atoms are slightly reduced (3.97 pg)
compared with that of the bulk oxide Fe atoms (4.23 pg). The change in the coordination of the surface
atoms compared to those in the bulk modifies the shape of the bands of the O 2p and Fe 3d
hybridization, which consequently affect the local magnetic moments. The electronic density of states
for the relaxed single Fe-terminated a-Fe,O3(0001) surface, shown in Figure 7, reveals that the surface
remains semi-conducting but with a reduced gap width (~1.7 eV) compared to the bulk hematite
(2.1 eV). The valence bands due to the oxygen 2p states lies below the Fermi level and the conduction
band is dominated by the Fe 3d states. The work function, calculated as the difference between the
electrostatic potential in the vacuum region and the Fermi energy of the (0001) surface, is 4.4 eV,
similar to the results of Wang et al. [62] and Jin et al. [155].

Figure 7. Density of states of the a-Fe,O3 (0001) surface with GGA+U = 5 eV. The Fermi
level is set to zero as shown by the dashed line.
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The other surface structure studied in this work is the {0112} surface, known to be one of the
dominant growth faces exposed on natural a-Fe,Os; which has been studied in the past by both
experimental [156—158] and theoretical groups [63,69,70]. It can have a number of non-dipolar
terminations, all of which we have considered, but we have used the most stable termination (see
Figure 8) to investigate the adsorption properties of benzene. The topography of this termination is
characterized by raised undulating rows of oxygen parallel to the b, direction and valleys
perpendicular to the a,, The top view shows that the surface cations are five-fold coordinated with
oxygen, in agreement with the coordination predicted by Henderson et al. [157]. Our geometry
optimization calculations show that the clean surface undergoes relaxation within the first five interlayer
spacings with percentage relaxation respectively calculated to be +22%, —20%, +6%, +23%, and —7% of
the associated bulk layer spacing which is consistent with the results of earlier theoretical results of
Wasserman et al. [65] and Lo et al. [69]. The relaxed surface energy is calculated to be 1.92 J m_z, which
compares well with the results of de Leeuw et al. [63] using different methods (see Table 2).
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Figure 8. Schematic representation of the side and top views of the a-Fe,O3{01 12} surface.
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Table 2. Calculated relaxed surface energies for selected surfaces of hematite (J m ?).

Plane (hkil) Mackrodt [153] Reeves and Mann [154] de Leeuw [63] This work

{0001}-Fe 1.53 231 1.78 1.66
£0001}-0O - - 2.63 2.59
(1010} 2.36 235 1.99 2.19
(0112} 1.47 - 1.88 1.92
(1110} 2.03 - 2.03 1.97
(1011} 2.41 2.84 2.34 2.29
(1111} - - 1.93 2.33

The electronic density of states of the a-Fe,O3{011 2} surface (see Figure 9) remains semi-conducting
but the gap width is considerably reduced (~1.0 eV) and the work function is calculated to be 4.1 eV.
The magnetic moments of the surface Fe atoms are also calculated to be slightly smaller (4.01 pg) than
Fe in the bulk hematite (4.23 pg). The five-coordination of the surface Fe atoms compared to the
six-coordination in the bulk hematite modifies the hybridization of the O 2p and Fe 3d bands and thus
affects the local magnetic moments.

In addition to the {0001} and {0112} surfaces, we have also calculated the surface energies of
other low-Miller index surface structures of hematite and compared our results with other theoretical
investigations [63,153,154]. In Table 2, we present a summary of calculated surface energies of
selected low index surface planes. The agreements are generally good and any differences in
magnitude are due the different theoretical methods used.
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Figure 9. Density of states of the Fe,Os (01 1 2) surface with GGA+U = 5 eV. The Fermi
level is set to zero as shown by the dashed line.
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3.3. Benzene Adsorption

Before adsorbing the benzene molecule on the different low-Miller index surfaces of hematite, we
have calculated its structural parameters in the gas phase and compared them with available
experimental data to ensure that our calculations are accurate and reliable. The calculated bond
distances and angles are summarized in Table 3 showing excellent agreement with experiment [159].

Table 3. The equilibrium bond distances and angles in benzene calculated in this work and
compared with experiment.

Parameters Experiment [159] This work
d(C-H)/A 1.101 1.091
d(C-C)/A 1.399 1.400
<C-C-C/° 120.0 119.9
<C-C-H/° 120.0 120.0

The adsorption characteristics of benzene on the (0001) and (01 i2) a-Fe,O3 surfaces were then
obtained by determining the preferred adsorption geometries and their corresponding adsorption

energies calculated from the relation below:

Eads = ESul_‘f+C6H6 - (Esuzjf + ECﬁHs ) (1)

where E is the energy of the clean

surf+CgHyg

surface slab and £, is the energy of the isolated benzene molecule. A negative value for the

is the total energy of the adsorbate-substrate system, £

surf

adsorption energy means that the corresponding adsorbed state is thermodynamically more stable than
the unbound state.

The optimized adsorption geometries of benzene on the (0001) surface are shown in Figure 10 and
the adsorption parameters (binding energy, bond distances and bond angles) are summarized in
Table 4. The interaction of the benzene molecule in all three adsorption geometries at the {0001}
surface does not involve direct chemical bond formation with atoms of the oxide substrate, suggesting
that van der Waals interactions (vdW) play an important role in stabilizing the adsorbed benzene
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molecule. The energetically most stable adsorption geometry is calculated to be the parallel adsorption
geometry with a total adsorption energy of —1.17 eV (contribution of the van der Waals interactions:
Evaw = —0.44 eV). In the parallel adsorption geometry, the benzene ring lies symmetrically around the
interacting surface Fe atom at an almost equivalent C-Fe distance (2.301 A); see the top view of
Figure 10a. The delocalization of electrons within the aromatic ring favors this adsorption geometry,
where the benzene molecule interacts with the surface Fe atom through m-bonding. The adsorbed
benzene molecule remains planar without significant changes in the internal conformations. The C-H
bonds are slightly bent towards the oxide surface and the interacting surface Fe atom is displaced
upwards by 0.123 A relative to its position on the naked surface.

We have also identified two other stable adsorption geometries, namely slant and vertical
adsorption geometries (see Figure 10b,c). In the slant adsorption geometry, the benzene molecule lies
at an angle of ~45° to the surface normal interacting through one carbon-iron n-bond (2.361 A) with an
adsorption energy of —0.79 eV (Eyqw = —0.26 eV). The benzene molecule remained planar in the
adsorbed state without significant changes in its internal bond distance and angles. The weakest
interaction is predicted in the vertical adsorption geometry where the benzene molecule only interacts
with the surface oxygen atoms through weak hydrogen bonding. The adsorption energy of the vertical
geometry is calculated to be —0.28 eV (Eww = —0.17 eV) suggesting that the vertical adsorption
geometry is stabilized mainly by the weak van der Waals forces. The closest O—H bond distance is
calculated to be 2.682 A.

Figure 10. Relaxed adsorption geometries of the benzene on a-Fe,O3 (0001) in (a) parallel;
(b) slant and (¢) vertical adsorption modes respectively. The top (left) and side (right)
views are shown. Color scheme: Fe = grey; O =red; C = green and H = white.
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Table 4. Adsorption energies and structure parameters of benzene adsorbed on the (0001)
and (0112) a-Fe,O3 surfaces. E,gs and Omol denote respectively the adsorption energy and
charge on the adsorbed benzene molecule.

o-Fe,05(0001) 0-Fe,0;(011 2)
Parameters
Parallel Slant Vertical Parallel Vertical

E.4/eV -1.17 —-0.79 -0.28 -1.52 -0.41
Omor/e” —-0.07 —-0.05 0.00 -0.23 —-0.00

Fe-C/A 2.301 2.363 - 1.952 -

O-C/A 3.001 3.065 - 1.631 -
O-H/A 3.106 2.701 2.682 3.001 2.300
d(C-H)/A 1.093 1.091 1.090 1.104 1.091
d(C-C)/A 1.421 1.411 1.401 1.503 1.401
<C-C-C/° 119.9 119.8 120.0 116.9 120.0
<C-C-H/° 120.3 120.2 120.0 117.4 119.9

The benzene molecule is found to adsorb relatively stronger on the (0112) surface than on the
(0001) surface. Unlike on the (0001) surface, the parallel adsorption geometry on the (011 2) surface
involves direct chemical bond formation between the carbon atoms of the benzene molecule and the
surface atoms, giving a stronger interaction with an adsorption energy of —1.52 eV (Eyvqw = —0.48 eV).
The C-Fe and C-O bond distances are respectively calculated to be 1.952 A and 1.631 A. The
interaction results in distortion of the benzene ring with the hydrogen atoms around the bound region
slightly displaced upwards, causing the C—H bonds to elongate (1.091 — 1.104 A). The C-C bond
distance within the bound region is also slightly elongated (1.400 — 1.503 A). The vertical adsorption
geometry gave a weak interaction with an adsorption energy of —0.41 (Eygw = —0.23 eV). In the
vertical geometry, the benzene molecule only interacts through weak hydrogen bonds with the surface
oxygen atoms as shown in Figure 11b and is further stabilized by van der Waals interactions.

When we compare our results with benzene adsorption at the goethite (FeOOH) surface [29,88], we
note that there the benzene molecule forms relatively weak surface complexes due the presence of the
surface OH groups. The origin of these interactions is in the polarization of the n-system by the polar
OH groups and in the formation of weak hydrogen-bonds where the m-system acts as a proton
acceptor. The mechanism of benzene interaction with the hematite surfaces, on the other hand,
involves cation-m interactions between the m-electrons of the aromatic rings and surface cations for the
flat adsorption geometries, thereby giving a much stronger interaction. In the aqueous phase, the
benzene molecule will have to compete with water molecules for the cationic sorption sites of minerals
and it is often the case that water molecules bind more strongly to the active surface sites, thereby,
preventing the benzene from having direct access to these active sites; as a result the benzene forms
relatively weak outer-sphere surface complexes via long hydrogen-bonds, where the n-system acts as a
proton acceptor, as was shown on the goethite surface. We therefore expect that the presence of water
molecules at the hematite surfaces will weaken the strength of interaction, given the fact that the
cation-m interactions will become weaker hydrogen-bonds dominated by Van der Waals interactions.
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Figure 11. Relaxed adsorption geometries of the benzene on a-Fe;O3(01 1 2). The parallel
and vertical geometries are shown in (a) and (b) respectively. The top (left) and side
(right) views are shown. Color scheme: Fe = grey; O =red; C = green and H = white.
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4. Electronic Structures

In order to evaluate the effect of benzene adsorption on the electronic structures of the hematite
surfaces, we have plotted the local electronic density of states (LDOS) for the topmost iron and oxygen
atoms in the most stable adsorbed complexes on the (0001) and (011 2) surfaces and compared these
with those of the clean surfaces as shown in Figures 12 and 13. The LDOS of the topmost Fe and O
atoms on the clean (0001) surface contains broad surface valence and conduction bands separated by a
wide band gap. After adsorption of the benzene, the conduction band edge is shifted towards the
valence bands considerably reducing the band gap, which could favor an easier electron transfer across
the gap. On the (0112), the Fe d-states even cross the Fermi level suggesting metallic behavior,
causing the stronger interaction of the benzene molecule with this surface. While there is evidence of
local electron rearrangements within the adsorbate-substrate system, the overall charge transfer from
the hematite surfaces to the adsorbed benzene molecule as estimated from the Bader partition
scheme [160] is very small. i

While the charge gained by the benzene molecule at the (0001) surface is <0.1 e , at the (0112)
surface, where the benzene molecule is chemisorbed in the parallel mode, it gained 0.23 e from the
interacting surface atoms upon adsorption. To gain further insight into the local electron rearrangement
within the C¢Hg/a-Fe O3 systems, we have analyzed the differential electron density (Ap) of the most
stable adsorption geometries. This quantity is obtained by subtracting from the electron density of the
CeHe/a-Fe 05 (hkil) system, both the electron density of the clean surface and that of an isolated
benzene layer as represented in Equation (2).

ptransfer = psu;f+C6H6 - (psu}f + pceHe ) (2)
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Figure 12. The electronic local density of states (LDOS) of the clean and benzene covered
topmost surface (a) Fe and (b) O atoms of the a-Fe,O3(0001). The Fermi level is set to

zero as shown by the dashed line.
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Figure 13. The electronic local density of states (LDOS) of the clean and benzene covered
topmost surface (a) Fe and (b) O atoms of the a-Fe,O3(0112). The Fermi level is set to
zero as shown by the dashed line.
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The latter two quantities in brackets were calculated using the same geometry as the total
surface-adsorbate system. In this way, the presentation highlights the electronic structure and bond
formation. In Figure 14, an isovalue of £0.02 e/A”® has been used to show that there is an accumulation
of charge density within the interaction/bonding regions. Evidence of bond formation at the (011 2)
surface is clearly shown by the accumulation of electron density within the C—Fe and C-O bonding
regions and the physisorption at the (0001) is also evident.

Finally, we have analyzed and summarized in Table 5 the effect of benzene adsorption on the
magnetic properties of the surface Fe atoms with which the benzene molecule interacts. In general we
found that the adsorbed benzene molecule led to a decrease in the magnetic moments of the interacting
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surface Fe atoms. The effect is more pronounced in the parallel adsorption modes, where the molecule
interacts most strongly with the hematite surfaces. Similar results have been obtained on nickel
clusters where adsorbed carbon monoxide and hydrogen led to a decrease of the surface Ni magnetic
moments [161]. It is, however, in contrast to the situation observed at the surfaces of Fe crystals,
where oxygen adsorption leads to enhancement of magnetism on the surface layer atoms [162]. In the
vertical adsorption modes where the benzene molecule interacts less with the surface Fe atoms, the
magnetic moments do not change significantly. The changes in the electronic and magnetic properties
of the hematite surface structures upon benzene adsorption can be attributed to the electron donation
from the benzene molecule to the minority states of the surface Fe atoms, and the back-donation from
majority states of the surface Fe atoms into anti-bonding molecular orbitals, which modifies the shape
of the bands and character of the O 2p and Fe 3d hybridization.

Figure 14. Charge density difference plot relative to C¢He adsorbed on (a) (0001) and
(b) (0112) a-Fe,O5 surfaces. The orange contours indicate electron density increase by
0.02 electrons/A* and blue contours indicate electron density decrease by 0.02 electrons/A’.

(a) (b)

Table 5. The magnetic moments of the interacting surface Fe atoms before and after
adsorption of benzene. The bulk hematite Fe magnetic moment is 4.23 p.

Interacting Fe magnetic moment (pp)

Surface Adsorption mode
Clean surface Adsorbed surface
Parallel 3.97 3.65
(0001) Slant 3.97 3.78
Vertical 3.97 3.91
- Parallel 4.01 3.49
(0112) Vertical 4.01 3.98

5. Summary and Conclusions

We have investigated the adsorption properties of benzene on the (0001) and (0112) surfaces of
hematite using ab initio calculations within the DFT-GGA+U formalism under vacuum conditions. We
have shown that the inclusion of the on-site Coulomb repulsion (Uegr) to the DFT Hamiltonian provides
an accurate description of the electronic and magnetic properties of hematite. For the adsorption of a
single benzene molecule on the (0001) and (0112) surfaces of hematite, we found that the parallel
adsorption geometries are energetically more stable than the vertical geometries. The predicted
adsorption geometries at the (0001) surface suggest that van der Waals interactions are important in

stabilizing the benzene molecule at the surface. The benzene molecule is bound to the (0112) surface
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via cation-m interactions between the n-electrons of aromatic rings and surface cations giving a much
stronger interaction. At both surfaces, the adsorbed benzene molecules remain planar with only small
changes in the bond distances and angles. Analyses of the electronic structures reveal that upon
benzene adsorption, the conduction band edge of the surface atoms is shifted towards the valence
bands, thereby considerably reducing the band gap. Adsorption of the benzene molecule at the
hematite surfaces also leads to a decrease in the surface Fe magnetic moments. Although our results
provide fundamental and general insight into the electronic and magnetic properties of aromatic
molecules adsorbed on iron oxide surfaces under vacuum conditions, we suggest that future
calculations should incorporate the effect of water, as sorption of organic pollutants normally occurs in
aqueous environments, where the aromatic molecules have to compete with water molecules and other
adsorbates for the active binding sites on the mineral surface. Our calculated interatomic distances for
the adsorption of isolated benzene molecule on the hematite surface under vacuum conditions could,
however, serve towards the development of reliable forcefields that can be employed in classical MD
simulations to simulate complex systems, including single and multiple organic adsorbates and the
effect of water, which will provide a more realistic description of the hematite-water-benzene system.
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