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Using density functional theory calculations together with an on-site Coulomb repulsion term (GGA+U), we
investigate the adsorption of water on Fe;0,4(001). Starting from a single water molecule per (\/ 2 x4/ 2)R45°
unit cell, we vary the concentration and configuration of water and hydroxyl groups. Isolated water molecules
on the clean surface tend to dissociate heterolytically with an OH group adsorbed on top of an octahedral
iron and a proton donated to a surface oxygen. Furthermore, oxygen defects are found to promote strongly
water dissociation. The released protons bind to distant surface oxygen to minimize the repulsive interaction
between the surface OH groups. At higher coverages, the interplay between adsorbate—adsorbate and
adsorbate—substrate interactions and the formation of hydrogen bonds between the surface species result in
a crossover to a mixed adsorption mode where every second molecule is dissociated. The energetic trends are
related to the underlying electronic mechanisms.

1. Introduction

Water plays a crucial role in many oxide-catalyzed reactions
in the field of geochemistry, environmental sciences, and
heterogeneous catalysis. Water adsorption can alter the catalytic
reactivity, redox potential, and adsorption capacity of the
surface! by influencing the electronic properties and availability
of surface reaction sites. A fundamental understanding of how
water molecules interact with metal oxide surfaces is essential'?
in order to control the catalytic properties. Important questions
include the mode of adsorption (e.g., molecular or dissociative),
the interaction between adsorbates, and the formation of
functional groups and hydrogen-bonded networks.

Magnetite (Fe;O4) has versatile technical applications in
magnetic recording media, as a potential material for spintronics
applications, and as a catalyst. Some examples for the catalytic
activity are the binding and reduction of heavy metals in
environmental processes** or the high-temperature water gas
phase shift reaction.” Because these reactions take place in a
humid environment or in aqueous solutions, it is important to
understand how water interacts with the Fe;O4(001) surface.

Magnetite has an inverse spinel structure with a stacking of
A layers and B layers in the [001] direction. The former contain
tetrahedral iron (Fe,) and the latter oxygen and octahedral iron
(Feg). Although both bulk truncations of the crystal are polar
of type three according to the classification of Tasker,® density
functional theory (DFT) calculations’® have recently shown that
a distorted B layer is stabilized on the Fe;O04(001), which
explains the experimentally observed (V2 x +/2)R45° recon-
struction. The presence of both cations and anions on an oxide
surface is typically considered to promote water dissociation,
because the cation sites act as strong Lewis acids, attracting
the lone pairs of the water molecule, and the surface oxygen
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acts a Brgnsted base site, attracting the protons of the water
molecule. However, NiO(001) is an example for a surface with
both cations and anions exposed where only molecular adsorp-
tion has been reported so far.’

Despite intensive research on the clean Fe;0,4(001) surface,
there are only a few studies on its interaction with water.
Kendelewicz et al.'” measured oxygen 1s core level shifts from
X-ray photoemission spectroscopy (XPS). For low water vapor
pressures, these were interpreted in terms of dissociative
adsorption activated by surface defects. Beyond water vapor
pressures of 1073 to 107 mbar, an extensive hydroxylation was
observed. The onset pressure is similar to values reported for
the Fe;04(111)'° and a-Fe,03(0001)!" surfaces. On the other
hand, water-immersed surfaces showed smaller chemical shifts.
A broad feature at 1.6 eV was attributed to hydroxyl groups at
nonequivalent sites. Furthermore, no sign of formation of a
surface oxyhydroxide was found in near-edge extended X-ray
adsorption fine spectra (NEXAFS) of the Fe L edge. In thermal-
programmed desorption (TPD) experiments'? of epitaxially
grown Fe;04(001) films on a MgO(001) substrate, three
desorption peaks were detected at 320, 280, and 225 K. These
were associated with different chemisorbed states, but the exact
adsorbate configurations and their relative stability cannot be
directly accessed from experiment.

On the theoretical side, the water adsorption on Fe;O4(001)
has been studied by molecular dynamics (MD)'*!* with empiri-
cal potentials. These studies point at a dissociative adsorption.
However, in ref 14, the surface is modeled by a termination
with a 0.5 ML (monolayer) of tetrahedral iron (0.5 A layer),
which, according to DFT calculations,’ is energetically unfavor-
able. First-principles calculations have proven very useful to
resolve the energetic stability and structural properties of
different adsorbate geometries. In a combined density functional
theory (DFT) and low-energy electron diffraction (LEED)
study,”® we have recently presented a surface phase diagram
obtained within the framework of ab initio atomistic thermo-
dynamics.'® Although this investigation has focused exclusively
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TABLE 1: Interatomic Distances® in A and Tilt Angles in Degrees between OH Group and the Surface, as well as the H-O-H

Angle of the Adsorbed Water Molecule

dre—o™ dre—o0H do-n doon...pv dos...yv On-o¥-n OFe—00H-p
1Dy-3 2.26 0.98 105.3
1F-1 2.22 0.97 2.54 106.5
1D-1 1.84 0.97 120.3
2M 2.06 1.97 0.97/1.11 1.37 2.93 108.7 116.0
4M 2.09 1.98 0.97/1.10 1.40 2.90 109.5 114.5

@ doon...yv is the hydrogen bond between the adsorbed water and OH group in the mixed adsorption.

on the most stable configurations for given oxygen and water
pressures, here, we present a detailed DFT study of the initial
adsorption of water on Fe;04(001). We have varied systemati-
cally the concentration of water molecules on the surface and
identify different stable and metastable physi- and chemisorbed
configurations (sections 3.1, 3.3, and 3.4). Furthermore, in
section 3.2, we investigate the role of surface defects on the
adsorption mode of water. To explain the energetic trends, we
analyze the structural and electronic properties of the systems.
Because Fe;O, is a strongly correlated material, we have
considered the influence of electronic correlations within the
GGA+U approach and explore, in section 3.5, the origin of
differences between the GGA and GGA+U results. Finally, in
section 3.6, we discuss the overall trends of the adsorption
energy as a function of coverage and compare the adsorption
properties of Fe;O4(001) to other metal oxide surfaces. The
results are summarized in section 4.

2. Computational Details

Density functional theory calculations were performed using
the FP-LAPW (full potential linear augmented plane-wave)
method in the WIEN2k!” implementation. The generalized
gradient approximation (GGA)'® of the exchange-correlation
potential is used. We have considered the influence of electronic
correlations within the LDA/GGA~+U" method applying U =
5eVand J = 1 eV, similar to values used for bulk Fe;04.2%*!
The muffin-tin (MT) radii are R¥T = 1.90 Bohr, RYT = 1.10
Bohr, and RYT = 0.60 Bohr. A mixed augmented plane-wave
(APW++lo) and linear augmented plane-wave (LAPW) basis sets
was used. Inside the MTs, the wave functions are expanded in
spherical harmonics up to [¥, = 10. Nonspherical contributions
to the electron density as well as potential are considered up to
I = 6. The energy cutoff for the plane-wave representation
and potential are E¥%, = 25 Ry and EB%, = 196 Ry, respectively.
For the integration in the Brillouin zone, 16 k-points were used.
Gas-phase O, and H,O molecules are calculated in a box of 8
x 8 x 8 A using the same cutoff parameters as for the slab
calculation.”®

The Fe;04(001) surface is modeled in the supercell geometry
with slabs containing seven B layers and six A layers. Laterally,
a («/ 2 x +/2)R45° unit cell is used. Water is adsorbed on both
sides of the inversion symmetric slab. The slab is separated in
the z direction by a 12 A vacuum from its periodic images to
avoid spurious interaction. The lateral lattice constant of the
supercell is set to the GGA bulk lattice constant of 8.41 A, which
is close to the experimental value of 8.39 A. We have done
full structural optimization of the various adsorbate configura-
tions where the adsorbates along with the outer two AB layers
are allowed to relax, whereas the central three AB layers are
frozen to the bulk positions of the ions.

The systems contain typically 100—130 atoms, which results
in a high numerical demand with matrix sizes for the diago-
nalization of up to 31 000 x 31 000. To reduce the computa-

tional cost and to search more efficiently for the most favorable
adsorbate geometries, we have performed for some of the
systems a structural optimization using the Vienna ab initio
Simulation Package (VASP)** with a default cut-off energy for
the plane-wave basis and a force relaxation up to 0.01 eV/A.
Using these geometries, several further relaxation steps were
done subsequently with the WIEN2k code.

3. Results and Discussion

As mentioned above, DFT calculations predict that the clean
Fe;04(001) surface is terminated by a modified B layer.”® This
result is supported by quantitative X-ray diffraction’ and LEED?
analyses and scanning tunneling microscopy measurements.?
Starting from this termination,”’” we adsorb water molecules in
different configurations. As there are four cationic sites per (v/2
x 2)R45° unit cell, we have varied the coverage of water
molecules from one to four (full saturation). Additionally, we
have studied the adsorption of water molecules on a defective
surface with one oxygen vacancy per (v/2 x +/2)R45° unit cell,
which is stabilized at low oxygen pressures. '3

In the following, we describe the adsorbate geometries,
structural details, and relative stabilities of different configura-
tions beginning with a single water molecule and successively
increasing the coverage. The adsorption energy E, of H,O to
the Fe;04(001) surface in (eV/molecule) is described as

1

Ey = Z(EnHZO:Fe3O4(001) = Ereo,00) ~ MEpo) (D)

where n is the number of water molecules adsorbed.
E11,0:Fe;04001) and Ege,0,001) are the total energies of the system
with adsorbates and the clean surface, and Ey o is the energy
of a gas-phase molecule. Structural parameters and adsorption
energies are listed in Tables 1 and 2. To analyze the
underlying mechanisms, the bonding character is discussed
based on the electron density redistribution (Ap), which is
defined as

Ap = PuH,0:Fe,0,(001) — PFe,0,001) — PnH,0 2

where PH,0:Fe;04(001)s  PFe;04(001)s and PnH,0 are the electron
densities of the system with adsorbates, the clean Fe;04(001)
surface, and water molecules, respectively. In the reference
systems, the positions of the atoms correspond to the ones
in the adsorbate system.

3.1. Adsorption of an Isolated Water Molecule on the
Nondefective Fe;04(001) Surface. We start the discussion with
a single H,O molecule on Fe;04(001) per (V2 x +/2)R45° unit
cell. The adsorbate geometries are shown in Figure 1. These
include a molecular adsorption in an upright (1U) and flat (1F)
geometry on top of surface octahedral iron (FegS) as well as
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TABLE 2: Adsorption Energies (eV/molecule) of Water Molecules Adsorbed in Different Configurations on Fe;O04(001)

Obtained within GGA and GGA+U

molecular, upright molecular, flat dissociative mixed
GGA GGA+U GGA GGA+U GGA GGA+U GGA GGA+U
1 H,O —0.62 —0.02 —=0.70 —0.39 —0.66 —0.76
2 H,O —0.30 —0.16 —0.45 —0.47 —0.34 —0.58 —0.80 —0.94
4 H,0 —0.01 —0.02 —0.41 —0.51 —0.19 —0.43 —0.61 —0.82

dissociative adsorption where an OH group forms on top of
FegS and a proton goes either to a neighboring (1D-1) or to a
distant surface oxygen (1D-2/1D-3). We find that 1U, where
the hydrogen atoms point away from the surface (Figure 2a),
has a nearly vanishing binding energy to the surface. The most
favorable molecular configuration is 1F (—0.39 eV), where the
molecule is nearly parallel to the surface with hydrogen atoms
oriented toward surface oxygens (O%) (1F, side view Figure 2b).
However, the dissociative adsorption with a proton adsorbed
either at a neighboring OS5 (1D-1) (—0.73 €V) or at a more
distant surface oxygen (1D-3) (—0.76 eV) turns out to be the
most favorable configuration. In fact, all dissociated configura-
tions have a similar adsorption energy, which is ~0.3 eV lower
than the value for molecular adsorption. Thus, the mode of
adsorption for an isolated water molecule is dissociative, as
reported also for Fe3O,(111).28

To shed more light on the adsorbate mode, we have
investigated the electron density redistribution upon adsorption
for the different adsorbate configurations. The Ap and density
of states (DOS) plots for an upright and flat H;O molecule are
shown in Figure 2. Molecular water adsorbs with oxygen
pointing toward a surface Feg, and the main charge rearrange-
ment takes place along the O¥—Fep bond. Only in the case of
flat adsorption, there is some contribution of the neighboring
surface oxygen that is involved in the formation of a hydrogen
bond. We find a stronger accumulation of electron density
between the molecule and the surface for the flat geometry,
consistent with the stronger binding energy. Charge accumula-
tion in the d,, orbital of FegS on the side of the adsorbate
indicates that it is the main orbital participating in the bonding.
The pattern of electron rearrangement is consistent with the
common understanding? that the adsorbate—surface interaction
proceeds through a donation from the water lone pairs that act
as a Lewis base into available Lewis acid surface orbitals of
FCB.

(eV)
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E

Figure 1. Top views of different adsorbate geometries of a single water
molecule per (v2 x +/2)R45° unit cell. The diagram shows the
corresponding adsorption energies (in eV per molecule) obtained within
GGA+U. Positions of oxygen, Feg, Fes, and H are marked by cyan,
purple, orange, and white circles. The oxygens of the adsorbate are
marked by smaller circles.

The main effects expected due to the interaction with the
substrate are a shift of position and change in width of the
molecular levels of the adsorbate.?®* Analysis of the partial
DOS shows that, for the upright geometry, the 3a; and 1b,
molecular levels (MO) of water remain very narrow. While 3a,
shifts by 1.5 eV to lower energies, the 1b, state stays at the
position of the gas-phase molecule. A narrow split-off d,, orbital
of the lower Hubbard Fe 3d band overlaps with the 3a; state.
The weak interaction between occupied adsorbate orbitals and
the substrate 3d band explains the vanishing E,q;.

For the flat/tilted adsorption, both the 3a, and the 1b; MO
participate in the bonding to the surface. The stronger broaden-
ing/splitting observed here compared with the upright geometry
indicates a stronger hybridization with the surface and a
reduction of lifetime of the molecular states and is consistent
with the higher E,4. This electron redistribution serves to reduce
Pauli’s repulsion and to stabilize the system.*> The electron
density accumulation between molecule and substrate goes hand
in hand with a depletion at the hydrogen positions, indicating a

a) ow 'b) 097
_ Tyog7 L —
g 21 N

— flat
- ------Clean Isurf.l F?BS

DOS (arb. units)

| ey

-12-10 -8 6 -4 -2 0 2 4
E(eV)

Figure 2. Electron density redistribution in a plane perpendicular to
the surface obtained upon adsorption of a single water molecule in an
(a) upright and (b) flat geometry. Electron density accumulation
(depletion) is shown in red (blue). Positions of oxygen, Feg, and
hydrogen are marked by cyan, purple, and white circles. (c) Total and
projected density of states (DOS) at the oxygen and Fey sites for the
two adsorbate geometries. The molecular orbitals of a gas-phase H,O
molecule are indicated by vertical dotted lines. These are obtained
by aligning the 2a, core level of the gas-phase and adsorbed H,O
molecule. The Fe 3d band of the clean surface is also shown with
a dashed line.
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Figure 3. Electron density difference plots and DOS for the dissocia-
tive adsorption (1D-1) of an isolated H,O molecule. Ap is shown in a
plane perpendicular to the surface along the (a) [110] and (b) [010]
directions. The cut in (b) contains both the OH groups on top of a
surface Fep and the protonated neighboring OS. (c) Total and projected
DOS (PDOS): (upper panel) PDOS of oxygen of the OH group on top
of Fep (solid black line) as well as of the protonated neighboring surface
oxygen (gray line); (central panel) PDOS of the 3d states of Fep with
(solid black) and without (solid red line) an OH group on top. For
comparison, the PDOS of Feg on the clean Fe;04(001) surface is shown
with a dashed line.
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PR

weakening of the OH bond. This is also expressed in a
significant upward shift of the 1b, molecular level of water in
the case of 1F. The polarization of the OH bond goes hand in
hand with a slight elongation of the bond from 0.96 A for the
gas-phase molecule to 0.97/0.98 A for the upright/flat adsorbed
molecule. In 1F, the hydrogen of the water molecule forms a
hydrogen bond to a surface oxygen with a bond length of 2.54
A. As a result of the interaction with the surface, the angle
Oy—_ov—p is enhanced (106.5°). We have also optimized the tilt
angle of the molecule w.r.t. the surface Op, oy and obtain
~102°. The large distance of the molecule to the surface Feg
(1U, 2.15 A; 1F, 2.22 A) suggests a relatively weak overall
interaction with the substrate. We note, however, that the bond
lengths are shorter than the ones reported for molecular
adsorption on 4d metal surfaces (2.3—2.7 A).3!

The strongest electron density redistribution is found for the
dissociative adsorption (Figure 3a,b). We notice a significant
charge transfer from FegS d,, orbitals to the 17 MO of OH,
which is now 1.5 eV below the Fermi level. Furthermore, there
is a donation of charge from the 30 lone pair of the OH ion to
the ty, states of the surface Lewis acid site. Conversely, charge
is accumulated in the 30 orbital of the OH group formed
between a surface oxygen and the hydrogen of the dissociated
H,O (OS—H). These features are further confirmed by the
density of states in Figure 3c. The Fep 3d band is slightly
broadened and shifted to lower energies w.r.t the one of the
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Figure 4. Schematic top views of different adsorbate geometries of a
single water molecule adsorbed in an oxygen vacancy on the Fe;04(001)
surface. The solid gray lines show the adsorption energies (in eV per
molecule) obtained within GGA+U.

clean surface (dashed line). The lower Hubbard band, extending
mainly between —8.5 and —6 eV, hybridizes predominantly with
the 30 molecular orbital of OH and only weakly with 1s. The
splitting (lifting up of degeneracy) of the 1z MO strongly
depends on the tilt angle ®Fe3700H7H,] the optimum value of
the latter being 120.3°. The strong electron redistribution for
the dissociative adsorption invokes a pronounced outward
relaxation of Feg and a shorter Feg—O°! bond length of 1.84
A compared with 2.15—2.22 A for the molecular adsorption.

Besides the heterolytic adsorption where an OH group is
adsorbed on a cation site and a surface oxygen is protonated,
we have also investigated a homolytic dissociation (H,O = HO
+ !/,H,), where '/,H, is released and a neutral HO is adsorbed
on a cation site. This type of dissociation mechanism is highly
endothermic (0.51 eV per H,O molecule within GGA).

3.2. Adsorption of an Isolated Water Molecule on a
Defective Fe;04(001) Surface. Defects play an important role
on oxide surfaces and can significantly influence the interaction
of water with the surface. The relevant type of defects, especially
at low oxygen pressures, are oxygen vacancies.'> Here, we
investigate the adsorption of water on a defective surface
containing one oxygen vacancy (Vo) per (v/2 x ~/2)R45°
surface unit cell, which corresponds to a defect concentration
of ~12.5%. The vacancies are separated by 8.41 A from each
other; thus, their interaction is negligible. The formation energy
of one Vg per («/ 2 x4/ 2)R45° unit cell is calculated as Er =
Ere,0,000-vo T 'hEo, — Ere,o,001, Where Ere,o,001-v, and
Ere,0,001) are the total energies of the Fe30,4(001) surface with
and without oxygen defects and Eo, is the energy of a gas-
phase oxygen molecule. We find that the formation energy is
1.08 eV higher for an oxygen vacancy with a neighboring Fe,
(3.51 eV) than without (2.47 eV). The latter type of oxygen
vacancies is, therefore, expected to prevail and has been further
considered for the adsorption of water.

Figure 4 shows the adsorption models studied on the defective
surface along with the corresponding adsorption energies.
Besides the molecular adsorption of H,O in a vacancy, we have
investigated a number of dissociative configurations where an
OH group occupies the vacancy and a hydrogen is adsorbed at
different surface oxygen sites (configurations 1Dy-1, 1Dy-2, and
1Dy-3). The bonds between oxygen of the flat/tilted molecule
and the neighboring Feg (do_—re,s = 2.75 A, do —peys.1) = 2.63
A) are much longer than the OY—FepS distance on the
nondefective surface (2.22 A). Still, the adsorption energy is
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Figure 5. Electron density difference plots and DOS of a single water
molecule dissociated in an oxygen vacancy on the Fe;04(001) surface
(1Dy-3). (a, b) Cross sections of Ap perpendicular and parallel to the
surface, respectively. (c) (top panel) The projected DOS on the oxygen
of the OH group in the vacancy and the protonated surface oxygen;
(central panel) PDOS of the 3d states of a surface Feg next to the
vacancy (FegS), as well as the Feg ions beneath the vacancy (FeS-1)
and beneath OS—H (FeS-1) are shown. Black and red lines indicate
the DOS before and after adsorption of the molecule, showing also a
change in valence state at FegS-1.

significant (—0.51 eV). This is related to the higher coordination
of the molecule in the Vg than on the nondefective surface.
Also, the much broader majority spin band at Fe*" in the
subsurface layer (not shown here but similar to Fe};S-1 in Figure
5c) allows a stronger hybridization with the molecular orbitals
of H,0.

On the defective surface, the dissociative adsorption is
strongly favored (by 0.75—1.23 eV) over the molecular. While
on the defect-free surface, several proton binding sites have
similar energies, here, the proton prefers a distant OS (config-
uration 1Dvy-3). This indicates a repulsive interaction between
the surface OH groups and results in a distribution of the OH
groups at a distance of 5.95 A. The OS—H and OH tilt strongly
toward the opposite OS in order to form a hydrogen bond,
thereby aligning themselves nearly parallel to the surface.

The electron density difference plots for the dissociative
adsorption in a defect (1Dy-3) are displayed in Figure 5a,b. The
hydroxyl group in the vacancy shows an accumulation in the
1ot orbital and depletion in the 30 orbital, whereas the 30 orbital
is occupied upon formation of the OS—H group. We note that
OS—H in 1Dy-3 (Figure 5c) has an even stronger splitting of
the 1 orbital compared to that in 1D-1 (Figure 3c).

An interesting feature is that the OH group in the vacancy
forms stronger bonds to the neighboring FegS (stronger charge
redistribution within the Feg 3d orbitals) than to the Feg
underneath [Fep(S-1)]. This is expressed in an elongated
Feg(S-1)—0° bond length of 2.26 A. The dissociative adsorp-
tion in a vacancy induces significant electronic/valence changes
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Figure 6. Top views of different adsorbate geometries of two water
molecules per (v/2 x +/2)R45° unit cell. The diagram above shows
the adsorption energies (in eV per molecule) obtained within GGA+U
(solid gray lines). For the color coding, see Figure 1.

in the magnetite surface: At the defective surface, the two
subsurface Feg around the vacancy are Fe>". Upon adsorption,
both Feg(S-1) sites underneath the surface OH groups become
Fe*™. This effect of electron transfer may have important
implications in understanding the catalytic activity of
Fe;04(001). For a more detailed analysis of the charge ordering,
the reader is referred to ref 15.

3.3. Adsorption of Two Water Molecules. With the inclu-
sion of a second H,O molecule, the adsorbate—adsorbate
interaction sets in besides the adsorbate—substrate interaction.
We have considered a variety of models of two adsorbed H,O
molecules and present in Figure 6 only the most stable ones. In
the most favorable molecular configuration, 2F-2 (—0.44 eV),
the two molecules are oriented parallel to the surface, one
pointing with one of the OH bonds along the [110] direction
acting as a proton donor and the other one acting as a proton
acceptor. Additionally, the latter forms a hydrogen bond with a
surface oxygen.

Furthermore, two dissociated configurations are displayed in
Figure 6. The one with OH groups adsorbed on adjacent FegS
sites (2D-1) is 0.24 eV less favorable than 2D-2 where FegS
sites with and without adsorbed OH groups alternate. The latter
geometry is preferred because it decreases the repulsive interac-
tion between the OH groups on top of FegS and facilitates
hydrogen bond formation between OS—H+++OS—H.

The most stable configuration turns out to be the one where
partial dissociation of water takes place (2M) (E,s = —0.94
eV). Here, one molecule dissociates and the hydrogen forms
an OH group with a neighboring OS. The intact molecule is
oriented toward the OH group, forming a hydrogen bond. The
proton at OS shifts from the on-top position toward the opposite
05, thereby also making a hydrogen bond.

Configuration 2F-2 can be considered as a precursor for the
partial dissociation; therefore, we discuss in the following the
structure of 2F-2 and 2M (shown in Figure 7a,b) in more detail.
In 2F-2, one of the molecules, denoted H,O-I, which is in a flat
geometry, acts as a hydrogen-bond donor to the second H,O
and to the neighboring O, whereas H,O-II is strongly tilted
with one hydrogen oriented toward a neighboring surface
oxygen and the second pointing away from the surface. The
different adsorbate orientations with respect to the surface results
in a difference of 0.12 A in the Feg—OY bond length. The water
dimer distance is 1.86 A, which is quite close to that observed
for a gas-phase dimer (1.88 A). The formation of a hydrogen
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Figure 7. Top and side views of (a) two hydrogen-bonded water
molecules (2F-2) and (b) a mixed molecular and dissociative adsorption
(2M).

Figure 8. Top views of different adsorbate geometries of four water
molecules adsorbed on Fe;0,4(001). The diagram shows the adsorption
energies (in eV per molecule) obtained within GGA+U. For the color
coding, see Figure 1.

bond to OS and between the two molecules leads to weakening
of the OH bonds (bond length increased to 0.97—0.99 A). This
facilitates the dissociation of H,O-II, resulting in configuration
2M.

Another possible scenario for the mixed adsorption is that,
after an initial dissociation of isolated H,O, further molecules
arriving on the surface form hydrogen bonds with the present
OH groups, resulting in the 2M configuration.

In the partially dissociated case (Figure 7b), the adsorbate—
adsorbate (H,O—OH) interaction results in a longer Feg—O°!
bond (1.97 A) compared with the one of an isolated dissociated
molecule (1.84 A). On the other hand, the Feg—O" bond length
is 2.06 A, significantly shorter than in the case of the isolated
molecule (1F, 2.22 A) and identical to the bulk Fez—O value.
The stronger interaction between H,O and OH in 2M is reflected
in a 0.50 A shorter O%H-+-H":C bond length (1.37 A) in 2M
compared with the O%+++H"O distance in 2F-2 (1.87 A).

3.4. Adsorption of Four Water Molecules. The adsorption
of four H,O molecules completely saturates the surface cationic
sites. The different configurations are shown in Figure 8. The
most favorable adsorption mode is again the mixed adsorption
(4M) with an adsorption energy of —0.82 eV. Similar to the
two-molecule case, this is followed in stability by a hydrogen-
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Figure 9. Four H,0 in a mixed adsorption mode (4M): (a) Difference
density plot showing a cut perpendicular to the surface along the [110]
direction and (b) (upper panel) PDOS of the O¥ (black) and O°" (gray).
The molecular orbitals of a gas-phase H,O molecule are indicated by
vertical dotted lines. The central panel shows the 3d bands of Feg with
an adsorbed H,O molecule (black) and an OH group [red (gray)]. For
comparison, the PDOS of Feg on the clean surface is displayed (black
dashed line). The third panel shows the total DOS.

bonded chain (4F-2) (0.3 eV less favorable) of flat molecules
where every second H,O provides a hydrogen bond both to the
neighbor (which itself is tilted) and to a surface oxygen. The
dissociative adsorption is 0.4 eV less stable.

The electron density redistribution upon adsorption shown
in Figure 9 bears some similarities to Ap of the isolated flat
(Figure 2) and dissociated (Figure 3) molecules. For example,
the d,, orbital of Feg hybridizes with the MO of water. For the
dissociated molecule, an accumulation of the 15 and depletion
in the 30 orbital of the OH group is observed, similar to the
case of an isolated dissociated molecule (1D-1). We find also a
pronounced outward relaxation of Fep toward the OH group,
leading to an Feg—O°" distance of 1.97 A. Still, this bond is
0.13 A longer than the one in the isolated dissociated molecule.
On the other hand, Feg—O" (2.09 A) is 0.13 A shorter than in
the isolated flat molecule (1F). These differences are associated
with the intermolecular interaction. An important feature is the
predicted two distinct bond lengths Feg—OY (2.09 A) and
Feg—OCM (1.97 A). This feature is supported by a quantitative
LEED analysis.!"

The formation of a hydrogen bond between the H,O molecule
and the neighboring OH group leads to a significantly elongated
OY—H distance of 1.10 A. Furthermore, the O°H exhibits a
strong lateral shift from the on-top position toward the neigh-
boring H,O, which itself is strongly tilted as compared with
the isolated molecule (Figure 2). The DOS in Figure 9 shows
a much stronger broadening and splitting of the 3a; and 1b;
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states of H,O compared with the isolated molecule case,
indicating a stronger hybridization not only with the surface
but also to the neighboring adsorbates. Likewise, the degeneracy
of the 1zt MO of OH is lifted and exhibits a bondng/antibonding
splitting. It is interesting to note that the PDOS of O°" and O
are very similar, especially in the range between —6 and —8.5
eV, illustrating that hydrogen is shared between H,O and the
neighboring OH. The hybridization to the substrate is expressed
by a shift of the occupied 3d band of FegS to lower energies.

The difference between the total energy of a free-standing
adsorbate layer and the total energies of isolated OH and H,O
gives an estimate of the contribution due to hydrogen bonding
to E.. We note that systematic studies***> have shown that
the PBE'® functional gives a good description of hydrogen
bonding w.r.t. equilibrium geometries with error bars of +0.02
eV. Both for 2M and 4M, we obtained ~0.37 eV per molecule.
This emphasizes the contribution of hydrogen bonding in
stabilizing the partial dissociation on the Fe;0,4(001) surface.

3.5. Comparison between GGA and GGA-+U Results.
Already for the clean Fe;0,4(001) surface, the level of description
of electronic correlations leads to significant qualitative differ-
ences in the electronic properties, albeit the energetic trends
between different terminations are similar. Within GGA, states
in the majority band gap lead to a metallic behavior at the
surface.” In contrast, GGA+U correctly describes the opening
of an insulating band gap,*'> as observed experimentally in
scanning tunneling spectroscopy measurements.”’ In the case
of water adsorption, we find that, especially for higher cover-
ages, the trends within GGA and GGA+U are consistent (energy
differences are within 0.2 eV; see Table 2).

However, there are some discrepancies in the case of an
isolated molecule on the nondefective surface, which we would
like to discuss in more detail in the following. Within GGA,
the molecular adsorption where the water molecule is parallel
to the surface with the hydrogen atoms pointing toward
neighboring surface oxygens (1F) is found to be energetically
most favorable (—0.70 eV), followed by the dissociative
adsorption (—0.66 eV) and an adsorption in an upright position
(1U) with the hydrogen atom pointing away from the surface
(—0.62 eV). We note that, within GGA+U, the latter had a
vanishing binding energy.

In contrast to transition-metal surfaces, where the Fermi
level crosses the d band, here, both the adsorbate orbitals and
the substrate majority 3d band are occupied. Therefore, the
interaction is not expressed by a change of occupation of levels
but mainly by broadening of molecular orbitals. The main
feature that is observed within GGA for the upright adsorption
(cf. Figure 10) is a significant broadening of the 1b; state. As
the latter is closest to the Fermi level, it has a dominating
influence on the stability. The hybridization with the broad Feg
3d band, which extends from —7 eV to the Fermi level, reduces
the Pauli repulsion® and stabilizes the molecular adsorption in
an upright geometry within GGA. In contrast, within GGA+U,
the 1b; level remains very narrow due to the lack of overlap
with the narrow Fe 3d band whose main peak lies between —8
and —6 eV, thus favoring hybridization mainly with the 3a,
state of the adsorbate.

A further issue concerns the adsorption of water on a defective
surface: Although both GGA and GGA+U predict dissociation,
the corresponding energies are 0.98 and 1.73 eV, respectively.
The difference of 0.75 eV is ascribed to the different formation
energies of a vacancy on the Fe;O4(001) surface: 1.67 eV (GGA)
and 2.47 eV (GGA++U). This is related to the different degrees
of localization of the electronic charge around the Vg and the
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Figure 10. Total and projected DOS of 1U and 1F configurations
obtained with GGA. The corresponsing results within GGA+U are
shown in Figure 2. The molecular orbitals of a gas-phase H,O molecule
are indicated by vertical dotted lines. For reference, the Fe 3d band of
the clean surface is also shown with dashed lines.
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Figure 11. Adsorption energy (eV/molecule) obtained within GGA+U
of different adsorbate systems as a function of the number of molecules
per (v/2 x +/2)R45° unit cell.

resulting structural relaxation. We note that an even larger
variation of 1.5 eV between GGA and GGA+U was found for
TiO4(110).%

The analysis of the bonding mechanism above suggests that
GGA+U gives a more reliable description of the surface and
adsorption properties of Fe;04(001).

3.6. Adsorption Energy as a Function of Coverage. To
obtain a full picture of the water interaction with Fe;O4(001),
we discuss here the energetic trends as a function of water
coverage. The adsorption energies for different coverages are
plotted in Figure 11 and displayed also in Table 2. For an
isolated molecule on a defect-free Fe;04(001) surface, we find
that the most stable adsorbate configuration is a dissociated
molecule (—0.76 eV) where the released hydrogen forms an
OH group with a surface oxygen. This is followed by a
molecular adsorption in a flat geometry (—0.39 eV) with the
hydrogens pointing toward neighboring surface oxygens. On a
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defective surface, we find a strong tendency toward dissociation
(GGA+U, —1.73 eV), where the OH group occupies the oxygen
vacancy and the proton is bound at a more distant surface
oxygen site. The high adsorption energy indicates that, as soon
as water is present in the atmosphere, it will adsorb and
dissociate at defect sites, thus eliminating surface defects. This
is consistent with the observation of Kendelewicz et al.' in the
water pressure regime prior to extensive hydroxylation.

The adsorption of a second molecule results in an intermo-
lecular bonding and a crossover to a partial dissociation
(GGA+U, —0.94). In this case, the intact molecule forms a
hydrogen bond to the neighboring OH group. A dissociative
adsorption is 0.36 eV less favorable.

The mixed adsorption mode prevails also when a full
saturation of the surface cation sites is reached after adsorption
of four H,O molecules. Here, the H,O molecule is oriented with
one hydrogen toward the next OH group and with the second
pointing toward a surface oxygen, thus forming a 1D chain of
alternating hydrogen-bonded flat water molecules and OH
groups along the [110] direction. The two lone pairs of the water
molecule play an important role by promoting the intermolecular
hydrogen bonding, which can be comparable in strength to the
water—substrate bonding.> A full dissociation is ~0.40 eV less
favorable.

A common feature to all dissociated or partially dissociated
configurations is that the proton attaches to a surface oxygen
without a tetrahedral iron neighbor. Protonation of O with an
Fe4 neighbor is highly unfavorable. With increasing coverage,
we observe that the binding energy for the dissociative adsorp-
tion decreases slightly, indicating a repulsive adsorbate—adsorbate
interaction. In the case of molecular flat/titlted adsorption, the
adsorption energy slightly increases with coverage due to
hydrogen bond formation.

Because of the stronger interaction with the surface, water is
bound more strongly on oxide surfaces compared with transition
and noble metal surfaces. In the latter case, adsorption energies
are typically in the range between —0.1 and —0.5 eV.*>*3 For
oxide surfaces, the adsorption energy of a single water molecule
ranges from —0.3 to —0.8 eV on Fe, 03(0001),* —0.57 eV on
kaolinite,¥ —0.61 eV on NiO(001) (within GGA+U),* and
—1.27 eV on zircon.*’ The adsorption energies for the mixed
adsorption on Fe;04(001) (—0.8 to —0.9 eV) found in this study
are similar to values reported for TiO,(110)*® (—=1.0 eV). On
Fe;04(111), an OH3™—OH overlayer was reported with an
adsorption energy of —0.85 eV within GGA+U.?®

4. Summary

In summary, we present a comprehensive DFT study of the
initial adsorption of water on the Fe;O4(001) surface, analyzing
also the underlying electronic mechanisms. We find that
electronic correlations (described here within GGA+U) affect
notably the width and position of the Fe’* 3d band and thereby
influence the hybridization with the MO of the adsorbate and
the resulting binding strength. Our results establish that, for
isolated molecules, a heterolytic dissociation is most favorable,
especially at surface defect sites. Although the surface octahedral
Fe ions remain in a 3+ valence state, the protonation of surface
oxygen results in an electron transfer to a subsurface Fe that
becomes Fe?". On the nondefective surface, dissociation is
followed in stability by a molecular adsorption where a flat/
tilted molecule forms hydrogen bonds to surface oxygen. With
increasing coverage, we obtain a crossover to a mixed adsorption
where a hydrogen-bonded network forms between the alternating
water molecules and OH groups. Such an adsorption mode has
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been reported for several other oxide surfaces, for example, rutile
TiO,(110),% anatase TiO»(001),* MgO(001), and Al,O5(0001)
surfaces.*! The partial dissociation leads to different surface
species, that is, water molecules and OH groups on top of FegS
as well as OH groups involving a surface oxygen. These
different functional groups and the induced electron transfer
processes may have important implications for the adsorption
of further molecules and the catalytic activity of Fe;O4(001).
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