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ABSTRACT: The stability of hydroxylated terminations of the 0001
surface of a—Fe,0; (hematite) is investigated computationally using
PBE + U calculations with dispersion corrections. Hydroxylated
surfaces with low OH concentrations are found to be most stable in a
range of the chemical potential of water of —0.95 eV > py o > —2.22

eV. These surfaces can be described as isolated Fe(OH); groups
adsorbed on the dry hematite surface and are predicted to be the
exposed termination of the 0001 surface in a wide range of relevant
experimental conditions. Most investigated reduced surfaces,
containing Fe in oxidation state +2, are only stable in a range of
the chemical potential of oxygen po < —2.44 eV, where bulk
hematite is less than magnetite. The only reduced surface stable at a
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higher fi is derived from the most stable nonreduced hydroxylated surfaces by removing a single OH group per unit cell.

B INTRODUCTION

Iron oxides are abundantly available on Earth and are
technologically relevant in many areas.' The common
oxidation states of Fe are +2 and +3, and this leads to the
existence of iron oxides with varying composition, where
hematite (ax—Fe,0;) consists only of Fe**. In catalysis,
hematite was investigated as an electrode material for
photocatalytic water-splitting, as a catalyst for H,S-removal,” ™"
and as a precatalyst for CO, hydrogenation to hydro-
carbons.>™® Iron is also discussed as an energy carrier, which
can be oxidized to iron oxide using retrofitted coal plants and
reduced using green H,.” On an atomic scale, the surface of
hematite is one of the central surfaces for the oxidation/
reduction processes.'’

The atomic structure of a surface controls its reactivity and
properties. Making reliable predictions using first-principles
calculations thus requires the determination of the state of the
surface, which is given by the thermodynamically most stable
termination, if the system is in equilibrium. Hydroxylation is
difficult to determine both experimentally and theoretically,
but is known to strongly influence the properties of oxide
surfaces."" For this reason, many studies have been concerned
with determining the most stable termination of the 0001
surface of hematite.'” ™"’

Hematite crystallizes in the corundum structure (see Figure
1), and particles with different morphologies can be
synthesized or found in nature.””*' The stable 0001 facet is
found in naturally occurring crystals and has been the subject
of many investigations.”>~>> The most stable stoichiometric
termination of a-Fe,05(0001) is the (single-metal, or O3-M)
terminated surface,”® which is analogous to @-Al,O;.'>*° This
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is also referred to as the clean or dry surface, and we will from
here on refer to it as the dry surface.

However, in contrast to a-Al,O;, hematite can be more
easily reduced at the surface, which is also one of the essential
properties in its applications. For theoretical investigations,
changes in the oxidation state of Fe pose a considerable
challenge. For iron oxides, the local density approximation
(LDA) and the generalized gradient approximation (GGA) are
generally considered insufficient to obtain qualitatively correct
results for properties such as the band gap, magnetic moments,
and stability and reactivity of surfaces. The computationally
most efficient way to tackle these challenges is through a
Hubbard-U correction®”° applied to the d-electron of the
transition metal atoms.

The a-Fe,04(0001) surface was studied computationally in
2004 by Rohrbach et al. using GGA + U calculations.” Their
study included the stoichiometric single-metal (or O3-M)-
terminated surface (same as the dry surface) as well as reduced
(oxygen deficient) and oxidized (oxygen enriched) surfaces. As
in other investigations,u’14 their GGA calculations predict
oxidized surfaces, where the formal oxidation state of Fe
exceeds +3, to be relatively stable. However, ref 25 clearly
showed that oxidation of the surface is predicted to be
significantly less favorable when using GGA + U with Ug = U
— J = 4 eV. Specifically, the chemical potential of oxygen o
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(a) ~d  nd of studies.”””* Beyond the well-known dry surface and the
; ‘ fully hydroxylated surface, a vast number of hydroxylated
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Figure 1. Single Fe-terminated surface model (clean and dry surface).
(a) Top view and (b) side view. Letters (A—C) in the lower corner
indicate atoms at different layers, and numbers (1, 2) in the upper
corner distinguish different atoms in the same layer. Large spheres
represent Fe atoms, while small spheres are oxygen atoms.

below which the dry surface becomes more stable than any
oxidized surface is shifted from uy &~ —1.25 eV to ugy ~ —0.1
eV for Fe,0;(0001) when U,y = 4 eV is applied. According to
the GGA + U calculations, oxidized a-Fe,05(0001) surfaces
(formal oxidation state of Fe > +3) are therefore not expected
to form at relevant conditions. Recently, Wang and Hellmann
using calculations with the HSE hybrid functional have also
found that oxidation of the hematite surface is only viable at
very high chemical potentials of oxygen (i > —0.25 eV).*" It
is also noteworthy that the coexistence of surface areas with
different terminations was predicted with density functional
theory (DFT) for a-Fe,0,(0001).'>*>%

The existence of ferryl terminations (Fe=0O) has been
discussed extensively and was proposed based on infrared
spectroscopy measurements under mildly oxidizing conditions,
for example, 973 K and 2 mbar O,, corresponding to uo =
—1.2 eV.>* However, as indicated above, computational
investigations going beyond the GGA level (either GGA + U
or hybrid functional) find oxidized structures including ferryl
groups to be unfavorable.'®*" Surface-sensitive X-ray diffrac-
tion measurements also indicate the presence of oxygen at the
surface of hematite,"' which may, however, also be present in
the form of hydroxyl groups.

In addition to oxidation and reduction, the adsorption of
water and the formation of hydroxyl groups play an important
role in determining the properties of hydroxylated oxide
surfaces.”® Hydroxylation of hematite surfaces has been
observed experimentally using X-ray photoelectron spectros-
copy (XPS)*® and polarization-dependent infrared reflection
absorption spectroscopy (IRRAS).”” Computationally, the
adsorption of water on the dry surface and its dissociation
were studied extensively.'”'®*”~*’ The other main hydroxy-
lated surface that has been studied a lot is the fully
hydroxylated surface (Fe—(OH);-terminated).”’ The interface
of hematite with liquid water was also investigated in a number

. . 15,16,31,37—44
structures have been studied computationally.”” ™"

These were typically obtained by cutting the surface at some
layer (O;, Fe, or Fe,) and adding variable amounts of H or OH
groups. Many of the structures generated in this way contain
Fe in bonding situations differing from the usual oxidation
states (+2 and +3). To our knowledge, there is no known
stable hydroxylated structure in between fully hydroxylated and
dry surfaces, except defective reduced structures that are only
stable at the extremely low chemical potential of oxygen po.

In this work, we investigated the stability of hydroxylated
surfaces of a-Fe,0;(0001) taking into consideration the
structural motifs discovered by us for @-Al,0;(0001)." In
contrast to the approach of cutting the hematite surface and
adding H and OH groups, we identify adsorbed Fe(OH); as
the fundamental building block of the fully hydroxylated
surface with O[Fe(OH);] = 1. Lowering the coverage of
Fe(OH); to O[Fe(OH);] = 1/4 leads to isolated Fe(OH),
groups, which are more stable at low chemical potential, i.e., at
high temperatures and low partial pressures of water.
Additionally, we also studied reduced surfaces (Fe in oxidation
state +2) with and without hydroxyl groups.

B METHODS

PBE + U calculations were carried out with a value of U
=4¢eVand J = 0 eV" along with Grimme’s D3 dispersion
correction (zero damping).”® The DFT + U method was used
in the form proposed by Liechtenstein and Dudarev et al.””~*°
and applied to the d-orbitals of Fe.

The value of the U-parameter can be motivated by empirical
fitting to reproduce properties of interest, such as lattice
constants, band gaps, or reaction energies. Alternatively, it can
be deduced from a linear response calculation according to the
underlying theory of DFT + U as a means to correct for the
self-interaction error and to achieve the correct behavior of the
slope of energy vs number of electrons.”” Linear response
calculations for bulk hematite gave U = 3.81 eV, and for most
surfaces and Fe atoms, a value of U in the range between 4 and
5 eV In a study, where the U values were systematically
tested for 3, 4, and S eV, it was concluded that 3 eV is best for
the overall thermodynamic properties of iron oxides, while 4
eV gives improved band gaps and structures.”" Our choice of U
= 4 eV is therefore a good compromise between an empirical
choice of U based on computed properties and results from the
linear response approach aiming to fix fundamental short-
comings of the GGA in treating electron correlation.
Furthermore, a value of U = 4 eV was used in many previous
studies'”'“*>*>** and 4.3 eV was used by Hellman and co-
workers.””** In addition to the calculations with U = 4 eV
which are the basis for the results provided in the main text,
single-point calculations with U = 3 and S eV were performed
and are analyzed in more detail in the Supporting Information
(S1).

In addition to the value of U, using a different reference for
oxygen is another approach that will change the obtained
results. Alternatives to using O, as a reference are, for example,
using the O atom or (H,0—H,) and employing the known
experimental formation energies54 of the O atom (2.558 eV)
and H,0 (—2.476 V). We decided to use the energy of O, in
its triplet ground state, first and foremost, because this is the
common choice of reference state in computational studies on
iron oxides'#***?°%°13355 and it thus facilitates the compar-

27-30,46
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ison with the literature. Second, we do not believe that shifting
the oxygen reference provides a general solution (see
discussion in the SI). Lastly, based on the results presented
here, it is easy to read off what the results would be with a
different oxygen reference. In particular, using the O atom as a
reference will shift o by +0.43 eV and using H,O will shift po
by +0.20 eV. In both cases, this will make oxygen more
reactive, ie., it will make the formation of reduced a-Fe,O4
surfaces less favorable.

DFT calculations in this study were performed using the
projector-augmented wave (PAW) method, standard PAW
potentials, and a kinetic energy cutoff of 600 eV for the wave
function expansion in plane waves. The VASP software
package (version 5.4.1)°>*7 was used for this study. In all
calculations, real-space projectors were used (LREAL = AUTO
in VASP) and a plane-wave basis set for the electronic density,
which incorporated reciprocal lattice vectors with a norm up to
3/2 times larger than for the wave function, |G /(PREC =
Normal in VASP). An SCF-convergence criterion of <107% eV
was applied to the total energy, with a geometry convergence
criterion of <0.005 eV/A for the maximum norm of individual
atomic forces.

The lattice constants of a-Fe,O; were optimized, obtaining
values (a = b = 5.053 A and ¢ = 13.824 A) that agree well with
experimental results (a = b = 5.035 A and ¢ = 13.747 A).>® The
values also agree with the GGA + U computational results
from prior studies: a = b = 5.067 A, ¢ = 13.882 A.»®

Surfaces were modeled with symmetric slabs containing nine
formula units of Fe,O5 per dry (1 X 1) surface (approximately
19 A thick), along with slabs of equivalent thickness for other
terminations. These slabs were separated by a minimum of 24
A of vacuum to reduce artificial interactions among periodic
structures. A ['-centered k-point grid with (4 X 4 X 1) k-points
for a (1 X 1)-a-Fe,04(0001) cell and (2 X 2 X 1) k-points for
(2 X 2) cells was used to sample the Brillouin zone of surfaces
using a Gaussian smearing with ¢ = 0.1 eV.

B RESULTS AND DISCUSSION

a-Fe,0; crystallizes in the corundum bulk structure, where the
oxygen atoms form a hexagonal closed-packed structure (AB-
stacking) in which two-thirds of the octahedral voids are filled
with metal ions. In the 0001 direction, each layer contains
three O~
layer are not identical and occupy the three possible octahedral
positions alternately and can therefore be described as ABC
stacking. Therefore, the unit cell consists of six O; —Fe, layers.
The antiferromagnetic order for Fe in a-Fe,0; is “++, —” by
layers along the 0001 direction.”*>’

The stability of all surfaces is studied according to the Gibbs
free energy of formation relative to the dry surface according to
the reaction equation

ions and two Fe®* ions. The two metal ions in one

slaby,, + xFe,0; + mH,0 — slab + 302 1)

Here, x, m, and n are the stoichiometry coeflicients which are
defined for all given surfaces in Table 1. The surface free
energy y is then calculated from the Gibbs free energy of
formation relative to the dry surface, per surface area A. The
Gibbs free energy is approximated as the energy shifted by the
chemical potential of the gas phase species (H,0 and O,)

Table 1. Cell Size and Stoichiometry Coeflicients x, m and n
for the Studied Surfaces According to Equation 1

label 5 m n cell size
O[Fe(OH);] = 0 (dry/clean) 0 0 0 1x1
O[Fe(OH),] = 1/4 1 3 0 2%2
6[Fe(OH);] = 1 3 0 1x1
0[H,0] =1 0 2 0 1x1
0[Fe(OH),] = 1/4 1 2 1 2%2
0[Fe(OH), ] 1 2 1 1x1
O[FeOH] = 1 1 2 1x1
O[FeO] = 1 1 0 1 1x1

E* — Bt — xRS, — mlEEG + pyy o] + nlEES/2 + wo)
= 24
()

Here, E** and Ef}r“yb are the energies of the slab models of the
considered surface and of the dry surface with identical surface
area A, EF‘e‘?‘m is the energy per formula unit of bulk a-Fe,Os.

The surface area per (1 X 1) cell for a-Fe,0; is A = 22.110 A%

The energy per bulk formula unit E%‘;%} was determined as the

energy difference between two clean (1 X 1)-slabs differing by
one Fe,Os-layer and this energy was used in all calculations.

Computing the energy difference EE‘;?BS for different unit cells

or terminations resulted in negligible variations, approximately
around 0.001 eV.
The chemical potential of water yy; ¢ is given relative to the

energy of water Efj’o and the chemical potential of oxygen pq

is given relative to half of the energy of the O, molecule in its
triplet ground state EE’/2. The stoichiometry coefficients x, m,

and n are determined by the amount of additional Fe, H, and
O atoms on the surface with respect to the dry surface and are
provided in Table 1.

In agreement with previous work"'"'* 156081 3nd same as
for a-ALO, "% we found that the most stable dry
surface for a-Fe,O; is a (1 X 1) surface that is terminated by a
single Fe, i.e, (O;—Fe). Figure 1 shows both a top view and a
side-on view of this surface. Additionally, the labeling of both
Fe- and O-layers is introduced in Figure 1, which will be used
to refer to individual layers. Table 2 shows how the computed
interlayer spacings obtained after relaxation with DFT deviate
from the bulk limit. The topmost Fe atom in the first layer
strongly relaxes downward, which reduces the distance
between the Fe-layer and the lower oxygen layer by —65.3%
of the corresponding interlayer spacing of the bulk so that the
interlayer spacing at the surface is 34.7% of that of the bulk
value. This is somewhat more than reported in previous work
(=57%).>> We note that the corresponding relaxation of the
first layer is even stronger for a-Al,05(0001), where computed
values range from —82 to —88%.”%*>°

The magnetic moments of the Fe atoms in the near-surface
layers are compiled in Table S 3. The magnetic moments in
the first (—4.00 ug) and second (+4.14 and +4.17 ug) layers
differ slightly from the bulk value (+4.16 ug), to which the
magnetic moments converge in the third layer (labeled layer
“C” in Table 2). This is in good agreement with the literature
(GGA + U),” where the magnetic moment of Fe is +4.11 yy
in the bulk, + 3.94 y3 in the first surface layer, and +4.10 yp in
the second surface layer. The experimental value is +4.6—4.9
up”>°° for Fe in the bulk.

https://doi.org/10.1021/acsomega.4c02113
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Table 2. Percent Change (d%A) in Layer Spacing from the
a-Fe,0; Relative to the Bulk Limit

0[Fe(OH),]
d%A dry 0=1/4 0=1 0 [H,0] = 1

Op—Fel 7.6 7.7

Fei—Fe) 73.1 —26.8

Fey—0, —65.3 —552 9.6 -17.3
O,—Fel 7.8 4.0 0.2 10.1
Fe}—Fe}, -37.3 —30.4 2.8 —28.9
Fej—Oy 16.2 14.2 -1.0 10.6
Op—Fe? 42 47 -0.5 0.7
Feg—Fe( -5.1 -53 1.1 1.4
Fet—0, 1.6 1.8 -0.2 -0.5
On—Fek -0.9 -0.6 0.2 -0.5
Fe} —Fe), 2.7 2.1 -0.2 12
Fe) —Op -0.5 -0.3 0.2 -0.2
Op—Fe}, 0.3 0.2 0.0 0.2
Fe} —Fel, -0.5 -0.2 0.2 0.0
Fey—O, 0.4 0.3 0.1 0.3

Table 3. Mean Magnetic Moments (in y3) of the Upper Half
Layers from the Slabs for the Relevant Reduced a-
Fe,0,(0001) Surface Terminations”

6[Fe(OH),]

O[FeO] = 1 O[FeOH] = 1 0=1/4 0=1
Fel -3.67 -3.62 -3.73 -3.71
Fej —4.06 —3.64 —4.07 —4.13
Fe} +4.15 +4.16 +4.14 +4.15
Fej, +4.15 +4.16 +4.17 +4.16
Fel —4.16 —4.16 —4.15 —4.16
Fel —4.16 —4.16 —4.16 —4.16
Fek +4.16 +4.16 +4.16 +4.16
Fey/ +4.16 +4.16 +4.16 +4.16
Fe} —4.16 —4.16 —4.16 —4.16
Fep, —4.16 —4.16 —4.16 —4.16

“The magnetic moment is averaged over all Fe atoms belonging to the
respective layer. The computed magnetic value of the bulk is y = +
4.16.

We will now discuss the hydroxylated surfaces of a-
Fe,0;(0001). As for a-Al,0,;,°"°"% the hydroxylated
structures have been investigated for a-
Fe,0,*"207394330.0069=71 14th  computationally and exper-
imentally. One of the simplest hydroxylated structures results
from the dissociative adsorption of water on the dry surface
(6[H,0] = 1) (see Figure 2a). As for a-ALO,,*° the barrier for
this dissociation was found to be very low (<0.1 eV) also for a-
Fe,0,."”

The fully hydroxylated surface is terminated by a complete
layer of oxygen that is saturated with one hydrogen per oxygen
giving an OH concentration of 3 per (1 X 1) cell or 13.6 per
nm’. We find that there are structures with one or two of the
three hydrogens pointing in a direction parallel to the surface
and engaging in hydrogen bonding. As in previous work on a-
Fe,0,(0001)* and a-AL,O4(0001),”* we find the difference in
stability to be negligible (<0.05 eV) and only show in Figure
2b the structure with one in-plane hydrogen bond. As one may
expect, MD simulations on a-Al,0;(0001) show that OH
groups are not confined to these rigid positions.””

Comparing the termination of the dry surface (O;—Fe) and
that of the fully hydroxylated surface (Fe,—(OH);), these two

(@ om,01-1

G o B
P8 al.al.a

Figure 2. Atomic structure of hydroxylated surfaces. (a) Surface
configuration with one H,0O molecule dissociated on top of the Fe-
terminated Fe,05(0001) (dry) surface. (b) Surface with O[Fe(OH);]
= 1. (c¢) Surface with O[Fe(OH),] = 1/4. H, O, and Fe atoms are
shown as small, medium, and large spheres, respectively. H atoms are
shown in black, while a different color code is used to differentiate
between the different layers for Fe (blue, gold, dark gray, light gray)
and O (red, gold, light gray).

surfaces always differ by %HZO and +Fe,0;. So, one can think

of it as one Fe(OH); group adsorbed per (1 X 1) cell of the
dry surface. Importantly, these Fe(OH); groups are most
stable, when adsorbed in the positions corresponding to a
continuation of the bulk positions expected for Fe. Therefore,
as in our previous work on a-Al,0;(0001),> we use the
coverage of Fe(OH); to describe the degree of hydroxylation
of the surface. Here, O[Fe(OH);] = 1 corresponds to the fully
hydroxylated surface. The computed structures for O[Fe-
(OH);] = 1 and 1/4 surfaces are shown in Figure 2.

The surface characterized by O[Fe(OH);] = 1/4 contains an
isolated Fe (OH); fragment adsorbed on the dry surface. By
isolated, we mean that Fe atoms in the layer below the top
Fe(4OSH)3 groups bind at most to one hydroxyl group (Figure
2¢).

Figure 3 shows the stability of the investigated surfaces as a
function of the chemical potential of water, yy o. The surface

resulting from dissociative water adsorption on the dry surface
(6[H,0] = 1) is at no point the most stable structure. At high
values of iy o, the fully hydroxylated surface O[Fe(OH);] = 1

is most stable, while at low values of o, the dry surface

0[Fe(OH);] = 0 is most stable. Figure 3a shows that the
O[Fe(OH);] = 1/4 surface becomes more stable than the fully
hydroxylated surface for pi o < —0.95 eV, for example, at

around 400 K and 1 mbar H,O pressure. Dehydroxylation and
the formation of the clean surface are only predicted to appear
at puy o < —2.22 eV, for example, at 850 K and 1 mbar H,O

pressure or at 700 K and 0.001 mbar H,O pressure (see Figure
3b). Figure 3b has been obtained by considering only the loss
of translational and rotational entropy associated with the
reaction of H,0(g), which is the leading contribution to
adsorption at high temperatures. When vibrations are included,

https://doi.org/10.1021/acsomega.4c02113
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(a) 100 hydroxylated surface is intermediate between dry and fully

75 4 hydroxylated surface (see the SI for details).
We will now briefly discuss how the stability of the a-
50 7 Fe,0;(0001) surface compares with the results obtained for a-
2251 Al,0;(0001) in previous work.** This is of interest because the
= 0 two are iso-structural and the results obtained for a-
£ Fe,0,(0001) are significantly different. In both cases, surfaces
el with low hydroxyl group concentration are stable, but for a-
= Al,0,(0001) this stability extends to much lower values of

_75 -
0[Fe(OH)3] = 1

—100

—125 T T T

9 - O0[Fe(OH)3] = 1

o

g 44

B 8[Fe(OH)s] = 1/4
S

& B[Fe(OH)s] = 0

400 600 800 1000 1200
T(X)

Figure 3. Stability of a-Fe,05(0001) surfaces. (a) Surface free
energies are given relative to the dry surface as a function of the
chemical potential of water yy 0. (b) Phase diagram as a function of

temperature and the partial pressure of water.

similar results are obtained (Figure S4). As one may expect,
the main effect of considering the vibrational entropy of the
surface is a stabilization of the hydroxyl groups at higher
temperatures. The effect is largest for the transition from
O[Fe(OH);] = 1/4 to the dry surface in the temperature range
of 600—1200 K. However, it is not clear how good the
harmonic approximation is at these elevated temperatures,
since it cannot describe the full motion of hydroxyl groups.
The main effect of zero-point vibrational energies is to disfavor
hydroxylation by approximately 0.13 eV per Fe(OH); group.

Compared to the calculations with U = 4 eV, the results with
U =3 and § eV are similar, with more (less) favorable
hydroxylation predicted for S (3) eV (see Figure S2). The
chemical potential of H,O, where the transitions that occur are
shifted at most by 0.1 eV. We thus concluded that the
predicted stability of nonreduced hydroxylated and clean
surfaces depends only weakly on the value of U.

Tables 2 and S3 list the surface relaxation and magnetic
moments, respectively. The deviation of the interlayer spacing
from the bulk is comparable for most hydroxylated surfaces,
but is clearly the smallest for the fully hydroxylated surface,
O[Fe(OH);] = 1. This can be explained by the fact the
termination by OH groups is most similar to a bulk-like layer
of oxygens. The magnetic moment converges in all cases
quickly to the bulk limit with comparable deviations in the first
two layers (<0.2 pug). To investigate how the reactivity of the
partially hydroxylated surface with 6[Fe(OH),] = 1/4 differs
from the dry and the fully hydroxylated surfaces, we considered
CO and H,0 as probe molecules, absorbed at a low coverage
of 8 = 1/4. We find that the binding energy on the partially
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Hu,o and it is not obvious why. In Figure 3, we have, as in

previous work, given the surface energy relative to the dry
surface (Y4, = 0). This choice is motivated by the fact that the
absolute stability of the dry surface is irrelevant to determine
which termination is most stable under certain conditions.
However, to compare the 0001 surface of the a-Fe,O; and a-
Al,O;, we found it useful to employ the absolute surface
energies. For comparison, it is additionally useful to give the
surface energy not per area, but per (1 X 1) unit cell, because
this leads to the same concentration of hydroxyl groups

E™ — YEyio, — mlEfo + sy o) + nlEE/2 + uo)
7= o X Ay

(3)

As opposed to eq 2, in eq 3, all Fe is referenced to bulk a-

Fe,0; and x therefore simply equals the number of metal ions

in the slab. The absolute surface energies per unit cell are given
in Figure 4.

3.0

251 OM(OH),] =0
20 4 ./

1.5 1
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y in eV per (1 X 1) — unit cell
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T T
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Figure 4. Absolute surface energies per unit cell computed according
to eq 3 with data for a-Al,0,(0001) taken from previous work.*

It can be seen in Figure 4 that the total surface energies of
the fully hydroxylated surface, 6{M(OH),] = 1, varies only
slightly, with values of —0.05 and —0.19 per unit cell for Fe,0;
and Al O3, respectively. Note that this corresponds to the 0 K
(u(H,0) = 0) surface energies. Negative surface energies for
hydroxylated surfaces at 0 K have been computed before, for a-
AlL,0,(0001),” 6-AL0,(110),”*” and a-quartz(0001).”>7°
The small absolute value and small variation of these surface
energies can be explained by the fact that all metal atoms retain
their octahedral coordination when the fully hydroxylated
surface is formed from the bulk. Furthermore, the number of
hydroxyl groups also stays constant when the hydroxylated
surface is created through the reaction with H,O.

The stability of the dry surface, 9(M(OH);] = 0 varies
strongly from a-Fe,O; to a-Al O3, from 1.84 to 2.39 eV per
unit cell. The dry surface and fully hydroxylated surface have
the same stability for «-Al,05(0001) when the chemical
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potential of water is #(H,0) = —1.72 eV.** The much more
stable dry surface of @-Fe,0;(0001) leads to an earlier
crossover at 4(H,0) = —1.26 eV (Figure 3). Consequently,
the lower stability of fully hydroxylated surface {M(OH);] =
1 observed in Figure 3 for a-Fe,0;(0001) is mainly due to the
more stable dry surface.

For the partially hydroxylated surface with O[M(OH),] = 1/
4, Figure 4 shows an increase in surface energy from 1.03 to
1.36 eV per unit cell when going from Fe,O; to AlLO;.
Compared to the stability of a-A1203(0001) surfaces, both

O[Fe(OH);] = 1/4 and O[Fe(OH);] = 1 surfaces are relatively
less stable than their correspondmg alumina structures. Similar
to a-Al,05(0001) surfaces,® it is possible that there is a large
variety of structures between O[Fe(OH);] = 1/4 and
O[Fe(OH),] = 1, such as O[Fe(OH),] = 4/9.

We will now discuss reduced structures, which contain Fe in
the oxidation state +2. The motivation for considering surface
reduction is that we believe reduction of hematite to magnetite
to begin at the surface, in this case, a-Fe,0;(0001). One
interesting question is that if surface reduction is more or less
favorable than bulk reduction. As above, we will describe the
structures in terms of the group that is adsorbed on the dry
surface and its respective coverage. The most stable obtained
structures can be derived from the hydroxylated structures
discussed above (Fe in oxidation state +3) by removing an OH
group. Removing an OH group from ¢[Fe(OH),] = 1/4 and
0[Fe(OH),] = 1, results in the structures labeled §[ Fe(OH),]
= 1/4 and O[Fe(OH),] = 1. Here, the topmost Fe is in
oxidation state +2 as evidenced by the magnetic moment, see
Table S3. Further removal of an OH group gives §[Fe(OH)] =
1, in which both top Fe ions are in oxidation state +2. The
reduced surface O[FeO] = 1 can be obtained by removing H,0
from O[Fe(OH),] = 1.

The atomic structure of the reduced surfaces is shown in
Figure S, and the phase diagram in Figure 6 summarizes all
relevant structures. Figure 6a shows the phase diagram as the
function of the chemical potentials of oxygen and water. At the
top of the phase diagram, for chemical potentials of oxygen o
< —L15 eV, only nonreduced surfaces without Fe** (also
displayed in Figure 3) are stable. The stability of the reduced
surfaces is generally a function of the chemical potentials of
both water and oxygen. The reduced structures with low
hydroxyl concentration (§[FeO] = 1 and [Fe(OH)] = 1) are
only stable in a range of chemical potentials o < —2.44 €V,
where bulk hematite is less stable than bulk magnetite,
according to experimental data.”” The only reduced surfaces in
the phase diagram that extend to higher values of yo are
O[Fe(OH),] = 1 and O[Fe(OH),] = 1/4. We also note that the
chemical potential of oxygen at which calculations predict this
transition is usually lower, ranging from —1.60 to —1.73 eV for
PBE + U with 0 < U < § eV, as opposed to the experimental
value of jiq < —2.44 eV.>' Consequently, the first formation of
reduced surfaces is predicted by our calculations at a similar
potential at which DFT + U also predicts (erroneously) the
transition from bulk hematite to bulk magnetite.51 From this,
we conclude that the formation of reduced a-Fe,0;(0001)
surface occurs in a similar range of the chemical potential of y
as the reduction of bulk hematite to bulk magnetite. This is of
course only a thermodynamic analysis and one can speculate
that surface reduction of hematite is kinetically more facile
than complete reduction of bulk hematite to magnetite. Figure
S3 shows the results obtained for U = 3 and § eV in addition to
those depicted in Figure 6. A higher U value (5 eV) generally
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- '\-', ' |
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Figure S. Atomic structure of reduced surfaces of a-Fe,05(0001)
with the same color code as in Figure 2 for surfaces with (a) [FeO]
= 1, (b) O[Fe(OH)] = 1, (c) O[Fe(OH),] = 1/4, and (d)
O[Fe(OH),] =

leads to easier reduction and vice versa for a lower U value (3
eV). This shifts the phase boundaries systematically by about
0.2 eV (see Figure S3).

In Figure 6b, we show the stability of the same phases as a
function of the chemical potential of hydrogen and water. The
transformation is achieved simply by using the experimental
formation energy of water and setting uo = —2.476 eV + uy o

— py, Under oxidizing conditions, Figure 6a is a more useful

representation, while Figure 6b is more convenient to analyze
the stability under reducing conditions. Both of these
situations are relevant for a potential process,9 in which iron
is used as a solid fuel, that is burned (with O,) to yield
hematite and is then reduced (using H,) to again give iron.

B SUMMARY AND CONCLUSIONS

Hydroxylated terminations of the a-Fe,04(0001) surface were
studied using PBE + U calculations. In addition to previously
investigated, fully hydroxylated structures, we found that
structures with a low concentration of hydroxyl groups are
stable at relatively low chemical potentials of water. Here, low
concentration means at least 3 times lower than the fully
hydroxylated surface, which has three OH groups per (1 X 1)
cell. These surfaces can be described as isolated Fe(OH),
groups adsorbed on the dry 0001 surface of hematite and they
are identical in structure to the previously investigated surface
of a-AL,0,(0001).*

In addition to surfaces with Fe only in oxidation state +3,
oxidized and reduced terminations were also investigated. In
agreement with previous work, oxidized surfaces are not found
to be stable at relevant conditions. Many of the investigated
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Figure 6. Phase diagram for a-Fe,05(0001) surface terminations (a)
as a function of the chemical potential of water yy5 o and oxygen pq.
The range of stability of bulk hematite and bulk magnetite is indicated
based on experimental values.”” The horizontal dashed line indicates
the chemical potential at which the transition occurs. Phase diagram
for a-Fe,05(0001) surface terminations (b) as a function of yiy; o and

chemical potential of hydrogen iy .

reduced surfaces only become stable at chemical potentials of
oxygen, o < —2.44 eV, where bulk hematite is unstable with
respect to reduction to bulk magnetite. The only reduced
surfaces stable in a range of yo > —2.44 eV are those derived
from hydroxylated surfaces, where OH groups are removed.
Given the fact that PBE + U predicts a too early reduction of
hematite to magnetite (at too high values of yi(,), these results
suggest that reduced surfaces of hematite are thermodynami-
cally only stable in a range, where bulk hematite is less stable
than bulk magnetite.

The predicted stability of hydroxylated surfaces with low
OH concentration is expected to be not very sensitive to
methodology, based on our previous investigation of a-
ALO;(0001).* In particular, the stability of these structures
is very similar for values of U = 3, 4, and 5 eV. The prediction
of oxidation/reduction behavior depends more strongly on
methodology, for example, the employed value of U. Here, a
higher value of U (S eV) leads to slightly easier reduction,
while a lower value of U (3 eV) makes reduction less favorable.
The precise value of the chemical potential of oxygen, o,
where reduction of the surface takes place is thus not
determined with high confidence. Here, higher levels of theory
would be required to make more reliable predictions.

Overall, the structures investigated in this work, which
contain a low concentration of hydroxyl groups are predicted
to be the most stable surfaces in a wide range of chemical

potentials of water —0.95 eV > uy o > —2.22 eV. This means

that only at high chemical potentials (for example, in liquid
water) or at very low chemical potentials (for example, in UHV
and at high temperatures), other surfaces are most stable (fully
hydroxylated and clean, respectively). The knowledge of the
atomic structure of surfaces is the prerequisite for making
predictions of their properties and reactivity using first-
principles calculations. Consequently, the surface terminations
proposed in this work are important for most future studies on
hematite surfaces since many experimental conditions are in
the relevant range.
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