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ABSTRACT: Model catalysts, where the structure of single-crystal materials
with well-defined surface terminations can be determined at the atomic level,
are useful systems to perform fundamental studies on electrocatalysis. The
magnetite Fe3O4(001) surface, in particular, has been the focus of several
studies aimed at characterizing its structure in vacuum in the presence of a
water layer and interfaced with liquid water-based electrolytes. Recently, this
system has also been investigated as a catalyst for the oxygen evolution
reaction (OER), with the goal of correlating structural properties of the
interface with catalytic performance and mechanism. In this work, we use
first-principles simulations based on density functional theory to establish the
structural, thermodynamic, and electronic properties of the Fe3O4(001)
surface in contact with water. We compute the phase diagram of the
magnetite/water system and address some open issues on the structural
transitions observed experimentally among different surface terminations. We then address the stability in electrochemical
environments, and we investigate the OER mechanism, considering reaction paths involving both terminal and bridging oxygen
atoms. We find that different surface reconstructions can promote OER via different reaction sites and potential-determining steps,
albeit with a similar energy cost. In particular, the bulk-truncated termination promotes OER via terminal oxygen atoms, and the
potential-determining step is the dehydrogenation of the *OH group. On the ×( 2 2 )R45° reconstruction, on the other hand,
OER proceeds via the bridging oxygen atoms, and the potential-determining step is the formation of the hydroperoxo.

■ INTRODUCTION

Electrochemical water splitting is an emerging technology for
the production of so-called green hydrogen,1−3 generating
increasing interest both as a means to store energy from excess
renewable energy sources in the form of a high-energy-density
fuel and as an alternative to the traditional production of
hydrogen from fossil fuels. The process is composed of two
half-reactions: the cathodic hydrogen evolution reaction and
the anodic oxygen evolution reaction (OER). One of the key
factors limiting the efficiency of the overall process is the
sizeable energy loss caused by the high overpotentials of the
OER,4 which is usually considered to be the bottleneck of the
electrochemical production of hydrogen.5

Among the various materials employed as electrocatalysts
(and photoelectrocatalysts) for OER, transition-metal oxides
represent an extremely versatile class, comprising compounds
like IrO2, the only material that is both highly active and stable
in acidic environments,6 and NiFe-oxyhydroxydes, among the
most efficient catalysts in alkaline environments.7 In spite of
tremendous advances in our understanding of the mechanism
of OER,5 it is still not clear how metal oxides promote this
reaction, and the reaction mechanism appears to be strongly
material-dependent. OER is usually assumed to proceed via a
series of proton-coupled electron transfer (PCET) on surface

metal atoms, with the O−O bond formation taking place via
nucleophylic attack of a water molecule (or a hydroxide ion in
alkaline environments) on an oxo ligand.8−10 This mechanism
is sometimes referred to as the adsorbate evolution
mechanism.11 Some materials, however, can promote OER
via the direct coupling of two oxo ligands, for example, Co-
based electrocatalysts.12,13 Moreover, recent experiments14,15

have shown that some perovskites can promote OER via the
lattice oxygen mechanism, involving the oxidation of oxygen
atoms of the catalysts rather than the adsorbates; this
mechanism is favorable when there are empty oxygen p-states
above the redox energy of the O2/H2O couple.15

Often, the interpretation of the experimental findings is
hampered by difficulty of characterizing the structure of the
interface between the catalyst and the electrolyte. Experiments
on model systems,16 where the structure of single-crystal
catalysts with well-defined surface terminations can be
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determined at the atomic level, can be an invaluable tool to
further our understanding of the mechanism of OER. A
number of reports by Parkinson and co-workers on magnetite
(Fe3O4) go precisely in this direction.17−21 The Fe3O4(001)
surface orientation in particular, besides being the lowest
energy surface, is also the most investigated and best
understood of the low-index facets of magnetite.18 Measure-
ments performed in ultra-high vacuum (UHV) established that
the surface exposes a ×( 2 2 )R45° reconstruction.18,22

Several surface models have been proposed to explain this
reconstruction. Of particular interest are the distorted bulk
truncated (DBT) model22 and the subsurface cation vacancy
(SCV) model.17 The latter has been shown to agree well with
the experimental low-energy electron diffraction (LEED)
pattern and to be energetically the most stable under UHV
conditions and is therefore the accepted model to explain the
reconstruction.17

Several surface science experiments and theoretical inves-
tigations have been dedicated to understand how water
molecules adsorb on the Fe3O4(001) surface in UHV in the
low coverage limit. Recently, Meier et al.,20 using a
combination of quantitative temperature-programmed desorp-
tion, high-resolution X-ray photoelectron spectroscopy (XPS),
and density functional theory (DFT) calculations, have found
that a single water molecule adsorbs molecularly on the most
stable surface reconstruction. When water dimers are present,
the most stable adsorption mode is a partially dissociated form,
where one molecule is adsorbed molecularly and the second is
dissociated. This mixed, partially dissociated adsorption mode
stems from a cooperative effect between water molecules and
the surface, where the H-bond and water−surface interactions
are maximized by the dissociation of one of the two
molecules.20,23 Higher water coverages lead to the appearance
of partially dissociated water trimers and to ring-like patterns
of partially dissociated water molecules.
Of particular interest is the experimental evidence that upon

increasing the coverage of the adsorbed water molecules, the
×( 2 2 )R45° reconstruction is lifted, restoring a bulk-like

(1 × 1) termination.24,25 A similar effect has also been
measured upon adsorption of atomic H.25,26 A recent work by
Kraushofer et al.19 has addressed this topic using a variety of
experimental techniques, including scanning tunneling micros-
copy (STM), LEED, and XPS. The authors found that upon
exposing the SCV-reconstructed Fe3O4(001) surface to liquid
water and then evacuating to UHV, the system undergoes a
significant transformation, restoring the bulk-like (1 × 1)
surface periodicity and enhancing the fraction of Fe2+ cations.
Moreover, STM revealed the formation of ordered chain-like
protrusions, assigned to hydroxyl species bound to Fe surface
atoms, generated by dissociated water molecules. These
protrusions are aligned along the [110] direction, the same
direction of the Fe rows in the SCV reconstruction, and
straddle two Fe rows in the [1̅10] direction. The coverage of
hydroxyl species is estimated to be around 2 per unit cell. A
very similar effect was obtained upon exposure to 20 mbar
water vapor at room temperature prior to evacuation to UHV.
In a recent theoretical work, Liu and Di Valentin27 proposed

a model for the Fe3O4(001) surface exposed to water
consisting of a four-water-molecule layer, partially dissociated
and adsorbed on the bulk-like DBT termination. They
predicted that under water-rich conditions, the DBT
termination is more stable than the SCV reconstruction,

which would explain the experimental evidence. As pointed out
by Kraushofer et al.,19 however, the calculated phase transition
occurs at oxygen and water chemical potentials which are not
accessible at room temperature and UHV pressures.
Interestingly, electrochemical STM (EC-STM) performed in

0.1 M NaClO4 (pH 7) also revealed chain-like features
oriented along the [110] direction, suggesting that the surface
structure obtained upon water exposure and evacuation to
UHV is representative of the solid−electrolyte interface at pH
7.19 In an alkaline environment, on the other hand, the SCV
surface reconstruction is maintained. Müllner et al.28 have
found that the SCV surface prepared in UHV is stable after
exposure to an electrolyte in a pH range between 7 and 14.
Moreover, the surface remains unchanged under OER
conditions, probed by cyclic voltammetry.
The stability of the SCV surface in an electrochemical

environment was confirmed recently by Grumelli et al.21 The
authors have found using in situ surface X-ray diffraction that
after the immersion of the SCV surface in 0.1 M NaOH, the
reconstruction was observed from −0.2 V versus Ag/AgCl to
more positive values, whereas it disappears at more negative
values of applied potential. The lifting of the surface proceeds
gradually while lowering the potential. The system was then
tested as a catalyst for OER. The experiments of Grumelli et al.
suggest that the OER proceeds with the same mechanism on
both the (001) surfaces since the current increases with the
same Tafel slope, but the SCV is slightly more active. The
applied potentials necessary to achieve a current density of 1
mA/cm2 are 0.70 and 0.75 V versus Ag/AgCl in 0.1 M NaOH
for the SCV and DBT surfaces, respectively, that is, the
overpotentials at this current density are around 0.44 and 0.49
V, respectively.
This brief summary of some of the most interesting findings

on the Fe3O4(001)/water interface shows that this is an ideal
system to investigate how the structure of the interface relates
to it OER properties since this is one of the few systems where
such a detailed structural characterization has been achieved.
In spite of this, there are a number of questions still open both
in terms of structural properties of the interface and in terms of
the actual mechanism of OER, where theoretical modeling can
provide valuable insights.
In this work, using DFT calculations, we have investigated

water adsorption on the Fe3O4(001) surface and the
mechanism of OER promoted by this system. First, we address
the interaction between water and various Fe3O4(001)
terminations, considering novel structures compared to the
existing literature and focusing in particular on the
experimental observation concerning the lifting of the SCV
surface reconstruction following the exposure to water. We
then model OER considering both terminal and bridging
oxygen atoms as possible reaction intermediates on both the
DBT and SCV surfaces. We find that different surface
terminations promote OER via different oxygen adsorbates
and that in spite of this, the theoretical overpotential is very
similar on the two surfaces, in good agreement with
experiments.

■ COMPUTATIONAL METHODS
In our DFT calculations, performed using the Quantum
ESPRESSO code,29,30 we employed optimized norm-conserv-
ing Vanderbilt pseudopotentials to describe the interaction
between ions and electrons.31,32 We have used the Perdew,
Burke, and Ernzerhof33 approximation for the exchange and
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correlation functional. The energy cutoff was set to 60 Ry, and
the convergence criterion for the forces was set to 0.02 eV/Å.
To describe the correlated Fe d electrons, we used the
Hubbard correction as implemented by Cococcioni and de
Gironcoli,34 and the U value was determined using the linear
response approach (U = 4.1 eV). Surfaces were modeled in (2
× 2) surface unit cells, and the Brillouin zone was sampled
using a 3 × 3 × 1 Monkhorst-Pack35 grid of k-points. To avoid
interactions between periodic replicas of the slabs, we inserted
15 Å of vacuum. During structural optimizations, the central
layers of the slab were kept fixed to their bulk positions. To
account for van der Waals interactions, we use Grimme’s DFT-
D3 approach.36 To evaluate the electronic charge in individual
atoms, we used both the Lödwin projection37 and the Bader
approach through the algorithm of Henkelman et al.38 To
account for the effects of the bulk solvent in electrochemical
simulations, we used the implicit solvent model provided by
the Environ code39 coupled with Quantum ESPRESSO using
the default parameters for the water solvent.
We have calculated the adsorption energy of water as

= − −E
N

E E N E
1

( )ads
H O

total Fe O H O H O
2

3 4 2 2
(1)

where Etotal is the total energy of the slab with NH2O adsorbed

water molecules, EFe3O4
is the total energy of the pristine

surface, and EH2O is the total energy of the water molecule, and
water molecules have been adsorbed on both the top and
bottom surfaces.
To determine the thermodynamic stability of various surface

structures as a function of temperature and partial pressures,
we computed the surface free energy of formation γ as a
function of the oxygen and water chemical potentials as
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where A is the area of the surface; Etotal is the total energy of
the full system including slab water adsorbates; EFe3O4

is the

total energy of the bulk per formula unit; and μO, μH, and μH2O

are the oxygen, hydrogen, and water chemical potentials which
depend on temperature T and partial pressures, respectively.
The chemical potentials are related via μH2O = 2μH + μO. NFe

and NO are the numbers of iron and oxygen atoms,
respectively. NH2O is the number of water molecules adsorbed
on the surface. In eq 2, the Gibbs free energy of solids has been
approximated with the total energy, thereby neglecting
entropic effects. Temperature and pressure enter in eq 2
only through the chemical potential of the gas-phase reservoirs.
The dependence of these chemical potentials on pressure is
assumed to obey the ideal gas law
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where the temperature dependence of the chemical potentials
at standard pressure μ(T,p0) has been extracted from JANAF
thermochemical tables.40 In the following, we will refer the
chemical potentials to their zero-temperature values, that is,
the total energies of oxygen and water molecules, and we will
therefore report the dependence of γ on ΔμO2

and ΔμH2O. The
total energies of the oxygen and water molecules have been
calculated in a box with a 20 Å edge. We have added zero-
point energy (ZPE) corrections to the total energy of oxygen
and water molecules as well as to water adsorbates using values
obtained from the literature.41

To go beyond one of the main approximations employed in
eq 2, namely, equating the free energies of solids with their
total energies, one could consider the vibrational entropy of
adsorbates, derived from normal mode analysis.42 Campbell
and Sellers,43 however, have shown that this approximation
may underestimate the entropic contribution of the adsorbates
and that adsorbed molecules can retain around 2/3 of their
gas-phase entropy. This is consistent with the fact that water
molecules cannot be imaged with room-temperature STM due
to their high mobility.19 To account for this, we have modified
eq 2 by adding an entropic contribution to non-dissociated
water molecules equal to 2/3 of the gas-phase value. Here, we
have compared both these approaches to describe the entropic
contribution.
To simulate the STM images at applied bias V, we have used

the Tersoff−Hamann model44 as implemented in the
Quantum ESPRESSO code, where the simulated images
consist in a map of the local density of states integrated
between the Fermi energy EF and the energy EF − eV.

■ RESULTS AND DISCUSSION
Interaction between Water Molecules and Magnetite

Surfaces. Magnetite crystallizes in an inverse spinel structure
with space group Fd3̅m. All the tetrahedral iron atoms are in
the oxidation state Fe3+, whereas the octahedral irons can be in
either the Fe3+ or Fe2+ oxidation state. We have studied both
the DBT22 and the SCV17 magnetite surface reconstructions as
shown in Figure 1. The SCV reconstruction is characterized by
the introduction of a tetrahedral Fe atom in the sub-layer
surface and by the removal of two octahedral Fe atoms in the
third layer below the outermost layer, see Figure 1d. These
surfaces were modeled using symmetric slabs composed of 17
layers. Inspired by experimental observations related to the
lifting of the SCV surface reconstruction in humid environ-
ments, we have considered a surface reconstruction detected
by Doudin et al.45 during an ab initio molecular dynamics
simulation with a surface coverage of 0.5 ML of hydrogen
atoms. This surface reconstruction is characterized by a shift of
the interstitial tetrahedral iron atom, which is a distinctive
feature of the SCV reconstruction, to the third layer below the
surface to refill one of the two Fe vacancies of the SCV, as
shown in Figure 1g. We labeled this as surface SCV-mod. This
new surface reconstruction goes in the direction of the bulk-
truncated one since it loses the main characteristic of the SCV
reconstruction, namely, the interstitial tetrahedral Fe atom.
To investigate the interaction between water and the Fe3O4

surface, we have first tested the adsorption of a single water
molecule on the different surface reconstructions. In agreement
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with previous reports,20,27 we find that water adsorbs
dissociatively on the DBT surface, with an adsorption energy
of −0.85 eV, molecularly on the SCV surface, with an
adsorption energy of −0.51 eV. SCV-mod behaves similar to
the DBT termination, favoring dissociative adsorption, with an
adsorption energy of −0.89 eV (see the Supporting
Information).
When increasing the water coverage, we found that four

water molecules prefer to adsorb in a mixed mode on both the
DBT and SCV surfaces, as shown in Figure 1. A water
molecule is adsorbed above each of the four surface octahedral
Fe3+ atoms, and two of them are dissociated. One of the two
hydrogen atoms of the water molecule forms a hydrogen bond
with the closest OH group with an O−H distance of 1.45 Å.
Our results for the DBT and SCV surfaces are in agreement

with previous theoretical works,20,27 and the adsorption
energies are reported in Table 1. The mixed mode of

adsorption is also favored on the SCV-mod surface. The
adsorption energies are −0.58, −0.94, and −0.95 eV for the
SCV, DBT, and SCV-mod surfaces, respectively. These
adsorption energies per molecule are slightly more negative
than those calculated for a single water molecule, see Table S1,
particularly for the DBT and SCV-mod surfaces. This is due to
a cooperative effect between surface bonding and hydrogen
bonding active in agglomerates of partially dissociated water
molecules, as discussed by Schiros et al.23 and Meier et al.20

To simulate higher water coverages, we have adsorbed six
molecules per unit cell on the surfaces. The extra two
molecules have been adsorbed above the tetrahedral Fe atoms
of the second layer below the outermost layer, and they move
to form a new ring-like surface pattern, driven by the formation
of H-bonds as shown in Figure 1. The obtained pattern is
consistent with the STM measurements for the SCV surface by
Meier et al.20 and is similar to the one proposed by the same
authors. We define as full coverage (1 ML) this configuration
with six water molecules per unit cell, corresponding to one
water molecule per Fe ion, considering both surface octahedral
and subsurface tetrahedral Fe atoms.
In the experiments by Kraushofer et al.,19 when the sample is

re-evacuated following exposure to water, the authors observed
the desorption of water, while some OH groups remained
bound to the surface. The authors estimated a coverage of two
hydroxyl groups per unit cell. This estimation is in agreement
with the number of OH groups present on our water-covered
surfaces.
The average adsorption energy per molecule is weaker than

the one calculated with only four molecules adsorbed,
particularly for the DBT and SCV-mod surfaces. This is
because the extra two water molecules are now adsorbed on
the tetrahedral Fe atoms, which are less favorable adsorption
sites.

Surface Phase Diagram. To gain further insights into the
thermodynamics of water adsorption on Fe3O4(001), we have
computed the surface free energy of formation as a function of
the oxygen and water chemical potentials using eq 2. Due to
the well-known overbinding of the oxygen molecule in GGA
functionals, we have corrected the O2 total energy in order to
reproduce either the experimental formation energy of water or
the experimental binding energy of O2. In Figure 2, we show
the phase diagrams obtained with the inclusion of the van der
Waals correction, the entropic correction for adsorbed water
molecules obtained from normal mode analysis, and the total
energy of the oxygen molecule corrected to reproduce the
binding energy of the oxygen molecule. In the Supporting
Information, Figure S5, we report phase diagrams obtained
with different corrections.
Under water-poor conditions (corresponding to a low water

partial pressure), the clean SCV surface is the most stable
reconstruction in a wide range of oxygen chemical potentials.
The phase transition from the SCV surface to the DBT surface
occurs at ΔμO = −2.21 eV when reproducing the binding
energy of the oxygen molecule and at −1.50 eV when the total
energy of the oxygen molecule is corrected to reproduce the
experimental formation energy of water as shown in Figure
S5b. Experiments by Bliem et al.17 showed that the SCV
structure is more favorable at 10−8 mbar at 900 K,
corresponding to ΔμO = −1.98 eV, which suggests that to
obtain the results in agreement with these measurements, we
need to employ a correction for the total energy of oxygen
based on the binding energy of O2. We note that the transition
from SCV to DBT in the theoretical calculations of Bliem et
al.17 and Liu and Di Valentin27 takes place at even lower values
of ΔμO (≃−3.1 and −2.6 eV, respectively). The SCV-mod
surface, on the other hand, is never stable under water-poor
conditions.
Next, we investigate water-rich conditions. Besides all the

structures introduced so far, we also considered the possibility
of excess H atoms residing at the surface, originating from the
evolution of oxygen from water. These structures, indicated

Figure 1. Side view of the (a) bulk truncated surface (DBT), (b)
DBT with four water adsorbed molecules, (c) DBT with six water
adsorbed molecules, (d) SCV surface, (e) SCV with four water
adsorbed molecules, (f) SCV with six water adsorbed molecules, (g)
modified subsurface cation vacancy (SCV-mod), (h) SCV-mod with
four water adsorbed molecules, and (i) SCV-mod with six water
adsorbed molecules. The yellow and light-blue balls are the octahedral
and tetrahedral iron atoms, respectively. The red balls represent the
oxygen atoms. The small white balls are the hydrogen atoms.

Table 1. Adsorption Energies per Molecule (eV) on the
DBT, SCV, and SCV-mod Surfacesa

Nmol DBT SCV SCV-mod

4 −0.94 (−1.11) −0.58 (−0.75) −0.95 (−1.12)
6 −0.81 (−1.01) −0.56 (−0.75) −0.84 (−1.01)

aThe values in parentheses have been obtained with the van der
Waals correction. Nmol is the number of water molecules adsorbed on
the surface.
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with the label *H in Figure 2, become increasingly more
favorable as the chemical potential of water increases and the
chemical potential of oxygen decreases. The atomic structures
of these systems are reported in the Supporting Information
(Figure S6). Notice that without the inclusion of the entropic
corrections, the water-covered DBT surface with six water
molecules is never stable.
In particular, we find that at low values of ΔμO, the most

favorable surface is the DBT termination, covered with six
water molecules per unit cell (1 ML coverage) and with
adsorbed hydrogen. Increasing the oxygen chemical potential,
we find that the most stable surfaces are the water-covered
SCV and SCV-mod surfaces [the dashed area in Figure 2
indicates that the surface free energy of these two structures is
nearly degenerate since they differ by just 50 meV per (2 × 2)
cell]. Notice that among all the water coverages we considered,
only those corresponding to six water molecules per unit cell
appear in the phase diagram. The surfaces with different water
coverages have indeed higher surface formation free energies,
and consequently, they are less stable.
As shown in Figure 2, the transition from SCV to water-

covered SCV and SCV-mod takes place at ΔμH2O = −0.84 eV,
while it occurs at a significantly lower water chemical potential
(ΔμH2O = −1.41 eV) if we estimate the entropic contribution
as proposed by Campbell and Seller, as shown in Figure S5a.
We note that without the entropic correction, the transition
takes place at −0.76 eV, as shown in Figure S5c.
Experimentally, Kendelewicz et al.46 have observed the
dissociative adsorption mode, at room temperature, only
above 10−5 mbar. Under these conditions, the water chemical
potential is −0.77 eV. Thus, the entropic contribution
evaluated on the basis of the analysis of normal modes yields

a prediction of the phase transition to water-covered surfaces
in good agreement with experiments, whereas the approx-

Figure 2. Magnetite phase diagrams as a function of oxygen (ΔμO) and water chemical potential (ΔμH2O). The white line indicates the transition
between water-covered DBT and SCV (SCV-mod) surfaces with four water molecules. We use this transition to compare our results with the
experiment of Kraushofer et al.19

Figure 3. (a) Top view of the SCV surface and the corresponding
STM image and (b) top view of the DBT with four water molecules
adsorbed in a mixed mode and the corresponding STM image. The
sample was held at a bias of 1.08 V. The cyan box indicates the (1 ×
1) unit cell.
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imation proposed by Campbell and Seller43 appears to
overestimate the entropic stabilization of the water adsorbates.
Considering now the transition between the SCV (or

equivalently SCV-mod) and DBT water-covered surfaces, this
takes place at ΔμO = −1.03 eV when correcting the total
energy of O2 with its experimental binding energy and at ΔμO
= −0.51 eV when reproducing the experimental formation
energy of water (see Figure S5b).
In the experiment of Kraushofer et al.,19 the SCV surface is

exposed to water vapor at 20 mbar for 5 min and then
evacuated to UHV at room temperature for analysis. Following
this treatment, the ×( 2 2 )R45° reconstruction is lifted,
and a bulk-like (1 × 1) periodicity is restored. In UHV, the
molecularly adsorbed water molecules desorb, and conse-
quently, only the dimers, which are strongly bonded to the
surface, might remain adsorbed. Therefore, to compare the
calculated phase diagram with this specific experiment, we have
considered only the four molecules adsorbed in a mixed mode.
The transition between water-covered SCV and DBT (with
only four molecules adsorbed), indicated by the white line in
Figure 2, takes place around ΔμO = −0.95 eV. At room
temperature, this would correspond to a pressure that is too
low to be accessible in UHV chambers. We notice that Liu and
Di Valentin estimated a similar, although slightly lower, value
of ΔμO for this transition.27 An alternative explanation could
be that the transition revealed by LEED measurements is not
between the water-covered SCV and DBT surfaces but rather
between SCV and SCV-mod surfaces, which our calculations
indicate having nearly degenerate surface energies. The latter,
in fact, has a (1 × 1) periodicity of the Fe ions, similar to the
DBT termination.
In the same experiment, Kraushofer et al.19 revealed by XPS

measurements that after water exposure, the fraction of Fe2+

increases with respect to the ×( 2 2 )R45° SCV surface
which is Fe3+-enriched. This finding would be consistent with a
transition to the DBT surface, while it is not consistent with a
transition to the SCV-mod surface since this retains the
stoichiometry of the SCV. We note, however, that the
reduction of Fe3+ to Fe2+ could also have other origins, for
example, the dissolution of the material, as revealed by the
emergence of structural defects after water exposure.19

Simulated STM Images. Simulated STM images of the
pristine and water-covered surfaces are shown in Figure 3. To
simulate the STM image of the water-covered surface re-

evacuated to UHV, we have considered only the dimers
adsorbed on the DBT surface as shown in Figure 3b. Before
the exposure to water, we observe rows of bright protrusions
along the [110] direction due to the surface Fe atoms, see
Figure 3a, in agreement with the STM measurements by
Kraushofer et al.19 After the exposure to water (see Figure 3b),
rows of protrusions along the [110] direction are still present,
but they are brighter than on the pristine surface, and a (1 × 1)
pattern is found as indicated in Figure 3b. The calculated (1 ×
1) pattern is similar to the one observed by Kraushofer et al.19

in the high-density coverage regions after the surface was
exposed to water for a long time and then re-evacuated to
vacuum. Since the outermost layer of the water-covered SCV
and DBT surfaces is the same, STM measurements are unable
to reveal a transition between these two structures.

Stability of the Magnetite Surface in an Electro-
chemical Environment. As discussed in the previous section,
a change in the chemical potentials of the gas-phase reactants
can result in phase transitions among various surface
structures. Similarly, in an electrochemical environment, the
electrochemical potentials of protons and electrons, as
determined by the pH and the applied potential, can result
in structural transformations. Experimentally, Grumelli et al.21

reported a transition from the DBT surface to the SCV surface
above −0.2 V versus Ag/Cl at pH = 13, which corresponds to
0.76 V on the RHE scale.
To make contact with this experimental evidence, we use the

computational hydrogen electrode approach of Nørskov and
co-workers.41 In this approach, one exploits the equilibrium 1/
2H2 ⇌ H+ + e− at p(H2) = 1 bar, T = 298 K, pH = 0 at
U(SHE) = 0, that is, the sum of the chemical potentials of
protons and electrons at pH = 0 and at zero applied bias on the
SHE scale is equal to the chemical potential of gas-phase
hydrogen under standard conditions. A non-zero external bias
modifies the chemical potential of the electrons by − eU,
where e is the electronic charge, while a non-zero pH modifies
the chemical potential of the protons by −kBT × ln(10) × pH,
where kB is Boltzmann’s constant. We include ZPE and
entropic corrections (TS), as prescribed in the original work of
Nørsvok et al.41 The ZPEs have been obtained from the
analysis of the normal modes of the water adsorbates on the
magnetite surfaces, whereas the contributions for the
molecules in the gas phase are taken from ref 41. The entropic
contributions of the adsorbed species are very small and
consequently neglected,47 while they are included for gas-phase
molecules. The values of ZPE and entropic corrections are
reported in the Supporting Information.
Considering the oxide surfaces to be in equilibrium with

water, which acts as a reservoir of oxygen, we can write

μ μ= − − × ×eU k T
1
2

ln(10) pHH H B2 (5)

μ μ μ= − + + × ×eU k T2 2 ln(10) pHO H O H B2 2 (6)

The surface free energy, see eq 2, is therefore pH- and bias-
dependent through the chemical potentials of oxygen and
hydrogen.
Here, we focus on the relative stability of the DBT and SCV

surfaces. We model the solid/liquid interface using a layer of
explicit water, adopting the structural models identified in the
previous section and comprising six water molecules per unit
cell and modeling the effects of the bulk electrolyte through an
implicit solvent model.

Figure 4. Surface free energy γ as a function of the applied bias U
measured on the RHE scale.
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In Figure 4, we show the surface formation free energy of the
DBT and SCV surfaces evaluated as a function of the applied
bias, reported on the RHE scale. The unreconstructed DBT
surface is stable below 1.02 V, while above this value, there is a
transition to the SCV surface reconstruction. Notice that more
oxidizing potentials favor the dehydrogenation of the SCV
surface: we find that the removal of the first hydrogen atom
takes place above 1.56 V (SCV-1H), while the removal of the
second hydrogen atom happens above 1.69 V (SCV-2H). Our
estimate of the transition (1.02 V on the SHE scale at pH = 0
or equivalently on the RHE scale) is therefore in fair
agreement with the experimental measurement, with an error
of 0.26 V.
OER on Magnetite Surfaces. Since Fe-oxides are

promising candidates as low-cost catalysts for the OER in
alkaline media, magnetite has been investigated experimentally
through cyclic voltammetry to understand both its stability and
catalytic activity toward OER.21,28 We are not aware of
previous theoretical investigations of catalytic properties of
magnetite toward OER.
To model the OER, we considered the conventional

sequence of PCET steps reported in eqs 7−10, where *
indicates an empty site and *OH, *O, *OOH, and *OO
represent the hydroxyl, oxo, hydroperoxo, and superoxo
intermediates adsorbed on the empty site, respectively,

* → * + ++ −R1: OH O H e (7)

* + → * + ++ −R2: O H O(l) OOH H e2 (8)

* → * + ++ −R3: OOH OO H e (9)

* + → + * + ++ −R4: OO H O(l) O (g) OH H e2 2
(10)

In the first reaction step (R1), we have the first PCET step,
the dehydrogenation of a hydroxyl group. R2 leads to the
formation of the hydroperoxo through a nucleophylic attack of
a water molecule on the oxo adsorbate. Reaction step R3 leads
to the formation of a superoxo. In the last reaction step (R4),
O2 is released in solution, and water is adsorbed at the empty
site as a hydroxyl group with a concomitant PCET. Reactions
7−10 are written in an acidic environment, but when reported
on the RHE scale, the thermodynamics of the elementary steps

is identical regardless of whether acidic or alkaline environ-
ments are considered.48 The free-energy cost (ΔG) of each of
these steps has been evaluated using the computational
hydrogen electrode.
We have investigated two possible active sites for OER: (i) a

site involving terminal oxygen atoms, bound to an octahedral
surface Fe cation (labeled as O1c), and (ii) a site involving
bridging oxygen atoms, coordinated with two surface
octahedral Fe atoms (labeled as O2c).
In Figure 5, we show the energy cost of the elementary steps

performed on both the water-covered DBT and SCV surfaces,
considering sites involving either terminal (O1c) or bridging
(O2c) oxygen atoms, together with a schematic illustration of
the structures corresponding to the various water oxidation
intermediates.
In Table 2, we report the free-energy costs of the PCET

steps for the four cases considered. We find that regardless of

the surface and site, the most demanding step is in all cases
either R1 or R2. In the following, we therefore analyze in detail
these two steps.
We begin our analysis by considering the mechanism

involving the terminal oxygen O1c. On both the DBT and
SCV surfaces, the free-energy cost of the first PCET is the
most demanding step of the overall reaction. The dehydrogen-
ation of the *OH group (R1) results in a remarkable decrease
of the magnetic moment of the surface Fe bound to the OH
group, an indication of the oxidation of the cation from Fe3+ to
Fe4+. In spite of similar local environments and variations of Fe
magnetic moments, the R1 step is more demanding (by 0.24

Figure 5. Reaction free-energy diagram of the OER reaction for the DBT and SCV surfaces, and a schematic picture of the OER on magnetite
surfaces. The optimized intermediates for both the active sites are shown.

Table 2. Free-Energy Cost (in eV) of the Four PCET Steps
of the OER Reaction Considering a Singly Coordinated
(Terminal) Oxygen Atom (O1c) or a Doubly Coordinated
(Bridge) Surface Oxygen (O2c) as an Active Site for the
DBT and SCV Surfaces

DBT-O1c SCV-O1c DBT-O2c SCV-O2c

ΔGR1 1.93 2.17 1.01 1.14
ΔGR2 1.43 1.40 2.00 1.88
ΔGR3 0.88 0.75 1.56 1.31
ΔGR4 0.68 0.60 0.35 0.59
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eV) on the SCV surface compared to the DBT surface. As
discussed below, this is true also when R1 is performed on a
bridging site (where the difference is 0.13 eV), suggesting that
the dehydrogenation of *OH is in general more demanding on
the SCV. To rationalize this result, we have computed the
adsorption energy of the oxygen atom (Eads

O ) on the two
surfaces since it has been established that the cost of the
formation of the oxo intermediate scales approximately linearly
with the adsorption energy of oxygen.8 Defining Eads

O = 0 eV
through the equilibrium H2O ↔ *O +H2, we found that for
the SCV, Eads

O = −1.12 eV, while for the DBT, EadsO = −1.32 eV.
This shows that the oxygen atom is more strongly bound on
the DBT surface, and we therefore expect the R1 step to be
less demanding on this surface, in agreement with our findings.
In the Supporting Information, we provide an analysis of the
projected density of states (PDOS) of the two surface
structures, showing that on the SCV surface, a localized peak
in the middle of the gap appears due to the *O and Fe4+ atoms,
whereas on the DBT surface, the same peak is closer to the top
of the valence band.
The formation of the hydroperoxo intermediate (O−O

bond length 1.46 Å) in step R2 leads to a reduction of the
magnetic moment of the Fe atom to the value prior to the
dehydrogenation, consistent with the expected reduction of the
metal center to Fe3+. On both surfaces, the hydroperoxo forms
a hydrogen bond with a surface lattice oxygen.
Next, we consider the involvement of a bridging oxygen O2c.

Interestingly, different from the previous case, the free-energy
cost of the first PCET is almost the same for both the surfaces.
This is mirrored in almost identical geometries (O−Fe bond
lengths of 2.08 and 2.13 Å in a bridge geometry in both cases).
Moreover, the analysis of Bader charge and magnetic moments
yields similar results on the two surfaces: step R1 leads to a
decrease of the electronic charge (by about 0.5 e) of the
oxygen atom, recovering the electronic charge of the
unprotonated bridge surface oxygen atoms. Different from
the previous case, also, the PDOS of both surfaces does not
change appreciably upon performing the R1 step.
The free-energy cost of step R2, which leads to the

formation of a hydroperoxo group, is slightly lower (by 0.12
eV) for the SCV surface. This difference can be understood by
comparing the two different configurations: on the SCV, the
*OOH group forms two hydrogen bonds (see Figure 5), one
with the hydroxyl group and the other with the hydrogen atom
adsorbed on the surface, whereas on the DBT surface, the
hydroperoxo forms only a single hydrogen bond with the
surface oxygen atom.
Comparing the different catalytic sites, we note that the cost

of the first PCET is much larger for the terminal O1c compared
to the bridging O2c (see Table 2). The opposite is true for the
second step, the formation of the hydroperoxo. This is
consistent with the fact that the sum of the costs of these two
steps is roughly constant and independent of the material,49

with the cost of R1 decreasing and the cost of R2 increasing as
the oxo intermediate is bound more strongly. In our case, since
the oxo intermediate is bound more strongly in the bridge
geometry, this translates into R2 being the potential-
determining step for this site, while R1 is the potential-
determining step on the terminal site.
Comparing the DBT and SCV surfaces, our calculations

indicate that OER on the unreconstructed DBT surface
proceeds via the terminal oxygen O1c, involving singly bound
adsorbates on an unsaturated surface Fe site, and the most

demanding step is the dehydrogenation of the hydroxyl group
(R1), leading to an estimated overpotential of 0.67 eV. On the
SCV surface, on the other hand, OER takes place involving on
a bridging oxygen O2c, and the formation of the hydroperoxo is
the potential-determining step, with an overpotential of 0.73
eV. Since both the potential-determining steps are PCET steps,
it is unlikely that the two paths can be distinguished via an
analysis of the Tafel slopes.50 We also note that these values
are similar to those calculated for Co3O4, an oxide with a spinel
structure, by Garciá-Mota et al.4 and by Peng et al.,51

considering a mechanism involving O1c.
Comparing our findings with experimental measurements,

our theoretical overpotentials are about 0.2 V larger than those
obtained experimentally by Müllner et al.,28 0.48 V at 1 mA/
cm−1, and Grumelli et al.,21 0.44 and 0.49 V, on the SCV and
DBT surfaces. Moreover, our calculations suggest that the
DBT surface has a slightly lower (by 60 mV) overpotential
compared to the SCV surface, while the opposite is true in
measurements of Grumelli et al. (50 mV in favor of the SCV).
Notice, however, that these differences are very small and
certainly within the error bar of our methodology, considering
both the intrinsic limitations imposed by the approximate
exchange and correlation potential, the neglect of solvent
effects, and the comparison of a thermodynamic quantity, the
theoretical overpotential, with a kinetic parameter, the
experimental overpotential.
Grimaud et al.14,15 have shown that on some perovskite

electrocatalysts, OER proceeds via the oxidation of surface
lattice oxygen rather than oxygen atoms of water adsorbates.
These surface lattice oxygen atoms are in fact bridging oxygen
atoms, that is, they are structurally similar to the O2c atoms
considered here. A key finding of Grimaud et al. is that the
involvement of lattice oxygen correlates with the presence of
empty O(p) states below the redox potential of the O2/H2O
couple.15 As shown in the PDOS reported in the Supporting
Information, however, this is not the case for our system: the
Fermi level does not cut the O(p) band, which is completely
filled. At least for magnetite, the involvement of lattice bridging
oxygen atoms does not appear to require partially empty O(p)
states.
Our findings on magnetite are in line with those of Carter

and co-workers52 on β-NiOOH, where different oxygen sites
are found to be involved in OER, through different
mechanisms but with very similar theoretical overpotentials.
It is therefore possible that multiple oxygen active sites are
involved on the same material either on the same facet as in
magnetite or on different facets as in the case of β-NiOOH.
Further experimental work on well-characterized surface
terminations could help assessing the role of various surface
oxygen atoms in OER.

■ CONCLUSIONS

In this work, we have explored the interaction of water
molecules with the Fe3O4(0001) surface, considering several
surface structures and various coverages, ranging from a single
molecule per unit cell to a full monolayer. When comparing
with experiments, we found that our phase diagram can
rationalize some of the measurements for this system,
particularly the origin of protrusions seen in STM microscopy
upon exposure to water, assigned to partially dissociated water
adsorbates. We also found that the experimental evidence of
the lifting of the ×( 2 2 )R45° reconstruction and the
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appearance the bulk-like (1 × 1) periodicity upon exposure to
water could be due to the formation of the so-called SCV-mod
structure, a termination with the same stoichiometry of the
SCV reconstruction but with a bulk-like first layer of Fe ions.
We also modeled the system under eletrochemical

conditions, addressing the relative stability of the SCV and
DBT as a function of the applied bias. We found that an
increasingly anodic bias drives the transition from the DBT
structure to the SCV structure, in agreement with experiments.
We then performed the first theoretical study of the

mechanism of OER on magnetite. We discovered that both
terminal oxygen and bridging oxygen atoms can participate in
the reaction and that the two surface structures considered,
DBT and SCV, behave quite differently. The DBT promotes
OER via the terminal oxygen, and the potential-determining
step is the dehydrogenation of the *OH group. On the SCV
surface, on the other hand, OER proceeds via the bridging
oxygen, and the potential-determining step is the formation of
the hydroperoxo. Comparing the predicted theoretical over-
potentials, in spite of different potential-determining steps and
different active sites, the two surfaces have similar thermody-
namic requirements to make all elementary steps downhill in
energy, with a slightly (60 mV) lower value for the DBT
termination. The discovery that both terminal and bridging
oxygen atoms can participate in OER with similar catalytic
performances constitutes the main finding of our work.
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