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Ab initio thermodynamics of oxide surfaces: @ on Fe,05(0001)
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The oxygen coverage, structure, and thermodynamic stabilitp@d) surfaces of FgD; (hematitg as a
function of temperature and oxygen pressure are investigatexb bigitio density functional theory with the
generalized gradient approximation. Spin-polarized total energy and force calculations are performed using the
projector augmented wave method as implemented in the Viehniaitio simulation package. At high chemi-
cal potentials of oxygefi.e., high pressure or low temperatyrthe most stabl¢0001) surface of hematite is
completely covered with oxygen atoms. At low chemical potentials, a structure with one surface iron atom per
two-dimensional unit cell is found to be the most stable surface termination. Around 800 K at an oxygen partial
pressure of 0.2 bar, this reactive surface iron atom can bind and release an oxygen atom, thus switching
between formal oxidation statédl) and (V), i.e., between stoichiometric and ferrate-like states. The fully
reduced(iron terminated surface is found to be thermodynamically unstable and dissociates adsorbed oxygen
molecules spontaneously.
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[. INTRODUCTION Electronic structure calculations on iron oxide surfaces
are confronted with serious challenges due to the existence

Metal oxides offer a fascinating range of unique physicalof various oxidation states of iron, the localized character of
and chemical properties, which render this class of material8d-electrons leading to strong correlation effects, the impor-
extremely important scientifically and technologically. Onetance of magnetic effects, and the structural complexity of
of the intriguing properties of many oxides is their catalytic hematite. For these reasons, the faistinitio calculations on
activity, which has corollaries in sensors, corrosion, and eniron oxides surfaces are fairly recéft®
vironmental degradation of metals and alloys. Despite this The applicability of the present approach to the iron—
obvious importance and the long history of oxide-based techexygen system was tested for the structure and energetics of
nologies, many fundamental issues related to oxides are stitlulk FeO (wustite), bulk a-Fe,0O5 (hematit¢, and the di-
unresolved or not understood in detail. In particular, ouratomic molecule FeO. The rationale for this validation is the
knowledge of oxide surfaces is rather limited due to the exconcern that the GGA within DFT may lead to unacceptable
perimental difficulties in preparing and characterizing sucherrors due to the electronic structure of iron oxide, which can
surfaces. This lack of knowledge represents a serious hirbe referred to as “highly-correlated system.” A necessary
drance to further progress, especially in view of emergingcondition for the applicability of the DFT-GGA level of
nano-technologies, where stringent control of materials antheory is its ability to predict bond distances within a few
their surfaces is crucial. Thus, there is an urgent need tpercent of experiment. This can be readily tested for bulk
deepen our understanding of metal oxides and their surfacéson oxides and molecules such as FeO. It is found that the
based on a detailed characterization and analysis on therors are within the typical range of this level of theory, thus
atomic scale. justifying its application to iron oxide surfaces.

In this context, the present work focuses on a prototypical The central part of the present work is a detailed investi-
metal oxide, namely iron oxide in the form of hematite gation of different terminations of the F85(0001) surface
(Fe,0O3). Specifically, we address chemical composition,and the relationship between surface stability, oxygen pres-
structure, and thermodynamic stability of the dominantsure, and temperature. Compared with the structures dis-
(0007 surface of this oxide as a function of the partial pres-cussed by Wanet al.'? a new particular “ferrate-like” sur-
sure of molecular oxygen in the gas phase and the temperéace structure is identified, which involves a tetrahedrally
ture of the system. Furthermore, we investigate the relatedoordinated Fe atom in a formal oxidation statetd. This
question of the structure and energetics of chemisorbed mderrate-like structure is predicted to be stable in a range of
lecular oxygen on FE£3(0001) surfaces. temperature and oxygen pressure close to the thermodynamic

Our approach is based on spin-polarized density funceonditions applied, for example, in the industrial catalytic
tional theory (DFT)'™ using the generalized gradient ap- oxidation of ethylbenzene to styrene. Therefore, this struc-
proximation(GGA)>® for describing electronic exchange and ture is believed to be important in understanding the catalytic
correlation effects. The Kohn—Sham equations are solvegroperties of iron oxides. In addition to the study of the
with a plane wave basis as implemented in the Vieaba different surface terminations, the interaction with oxygen
initio simulation packagéVASP)’~° with its projector aug- was investigated for the first time. We give a detailed de-
mented wavegPAW) potentialst®! scription of the structure and energetics of chemisorbed mo-
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lecular oxygen on the most important,Bg(0001) surfaces. {2=Ay, normalizing by the surface areAs and taking into
account the fact that a slab has two surfaces(Bdecomes

Il. THERMODYNAMIC APPROACH Eq. (_2). For a more detailed discussion _of surface thermody-
namics we refer to the book by Zangwifl.
Conceptually, the physical system of the present study The Gibbs free energy of the surface region is given by

consists of three regions, namely a large region of bulk he-
matite with the stoichiometry £®;, a large gas phase re- G=E+PV-TS ()]
gion consisting of molecular oxygen at pressigand a
surface region with chemical composition,Bg in ana pri-
ori unknown structure and stoichiometry. The surface regio
contains a total number dfir, and Ng of iron and oxygen
atoms, respectively. The entire system is surrounded by

thermal bath of temperatufe. The oxygen partial pressure calculations. This assumption implies that the phonon den-

and the tempgrature are Kept In a range Whgre hematlte.g?ty of states of the solid does not depend strongly on the

thef.m"dy”am'ca”y stable, i.e., the oxygen _partlal Preéssure I3, rface structure and composition. In particular, one assumes

sufficiently high anq the temperature _sufflglently l(.)W' that the zero-point energies of the various systems are similar
At thermodynamic equilibrium of this solid-gas mterface,.and thus can be ignored. Obviously, these are approximations

for all species the respective chemical potentials are equal hich need to be kept in mind in the analysis of the results.

each region. For the iron atoms in the system, the large re- The chemical potentials of Fe and @, and uo, are

gl_'r?n %f bu_lk IherPatltt_el d?termlnes_ th_e|r cfl;er?[lcal IpOt?nE['r?l'connected through bulk F@;, which serves as reservoir of
e chemical potential of oxygen is given by its value in thegg, 5o Thus “we have

molecular gas of pressuf@ and temperatur@. Therefore,
the free energy(), of a hematite surface under an oxygen

atmosphere can be written as
Where,uFezos is the chemical potential of bulk F®;. This

=G~ NegtreNoto, @) term is approximated by the total electronic energy per for-
where G is the Gibbs free energy of the surface region,mula unit of bulka-Fe,O5.
Neoitee IS the Gibbs free energy of all iron atoms in the  With these assumptions and approximations, one obtains
surface region with a chemical potential of Fe equal to that in
bulk hematite, andopo is the total Gibbs free energy of all Q=Eqar 3 NeattPago,+ (3 Nee—No) o (5
oxygen atoms in the surface region with a chemical potential
equal to that in the gas phase. For a given temperature areivision by the surface area per unit ce, and accounting
pressure, the thermodynamically most stable system minifor the two surfaces of the slab leads to the surface free
mizes its surface free energy by adapting the stoichiometrgnergy
of the surface region, i.e., by varying-, andNy. Concep-
tually, this is accomplished by an exchange of Fe atoms from _ 2 6)
the large region of bulk F©5 and the surface region and by YT oA

exchanging O atoms between the solid and the gas phase. h h b he i id f . |
For Po=0 andT=0 with a slab model for the surface The gas phase above the iron oxide surface contains molecu-

and G=E, Eq. (1) leads to the familiar expression for sur- lar oxygen. Itis assumed' that the pressure is sufficiently low
face energies, namely gnd the temperature syfﬁmently high so that one can neglect
intermolecular interactions and treat the pressure dependence
1 as ideal gas. Therefore, the chemical potential of oxygen,
v= ﬁ(Esmb_ Epui) s 2 Mo, asa function of temperature and oxygen partial pressure
is given by
wherey is the surface energ¥g ., is the total energy of the 1 b
slab, Ep,k is the total energy of the bulk system with the _ 0, — =
same number of atoms as in the slab, @&é the surface #o(T,P)=polT,PO+ 2kTIn( P°>' @)
area of the unit cell.
To see the connection between E(B. and (2), one can
use the following steps(i) the Gibbs free energ=E,

with E being the internal energy. It is assumed that the terms
PV andTSare similar for different surface terminations and
Bhus can be canceled. Furthermore, the internal energsy
approximated by the total electronic energy, of the sur-

ce region as obtained from ground state electronic structure

2pret 310= Eg0, )

bulk

The temperature dependence of the chemical potential of
molecular oxygen contains the vibrational and rotational de-
. : grees of freedom. In principle, this could be obtained from
+Eipt+ i - - o : ) .

Evio+ Eotner,nema PV-TS i approximated by the elec ab initio calculations. However, following common practice,

tronic energyE., which is often the dominant ternGi) the ) . i
surface region is replaced by a single slab with the stoichi:[he temperature dependences is taken from experimen

ometry of the bulk phase. The Gibbs free energy of the sur%b(lj;t; as given in standard thermodynamic taflésf.
face region is then approximate§=Ee,sp, (iil) with the As reference for the chemical potential of an oxygen mol-
stoichiometry given above and the constraint that the chemi- P ilg otal

cal potential of each species is equal to that of the species fcule atT=0 andP=0 we takeuo(T=0P=0)= 3 Eg,

the bulk, the termNegupet Nopo= Gpuk=Ee puk- Setting =-—4.909 eV, i.e., half of the total energy of a spin polar-
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TABLE I. Experimental temperature dependence of the chemitential of oxygen by the conditions th@) hematite does not
cal potential of molecular oxygemo (T,P°) at a pressure oP®  decompose forming bulk iron arid) molecular oxygen does

=1 bar(after Ref. 15. not condense on the surface. These conditions imply
TemperaturgK) Chemical potentia(eV) e upak, (8
100 —-0.08 which is equal to
200 -0.17
bulk bulk
300 —0.27 10> 5 (MPe,0,~ 2KFe C)
400 —-0.38

for the lower limit of the oxygen chemical potential. Actu-

500 —0.50 ally, the lower limit for the oxygen chemical potential is
600 —061 somewhat higher, because hematite, upon reduction, first
700 —0.73 transforms into magnetite, then changes tostite before
800 —0.85 finally becoming pure iron.

900 —0.98 The condition for the upper limit is

1000 —1.10

1100 -1.23 1 _ e

1200 ~1.36 Ho=3Eo,"- (10
1300 —-1.49 . .

1400 162 Using the computed total energies for bulk Fe, bulk®g
1500 _1'75 as well as the total energy of moleculap Ove obtain the

boundaries ineV)

_ _ 1 total
ized oxygen molecule using the same supercell and compu- —23eV<p'=po~; EOz <0. 1D

tational approach as for the surface calculati@fsSec. I\).

Thus, all terms of Eq(5) are defined and one can study the Il. STRUCTURAL MODELS

dependence of the surface free energy as a function of the

chemical potential of oxygefi.e., of oxygen pressure and  1he most common form of Fl) oxide is a-FeO;,

temperaturg for a set of different surface models. In this which is known under the mineralogical name hematite. This

way, a (P,T) phase diagram of the F®; surface can be mEeraI crystallizes in the corundum structure in space group

established. R3c. It can be interpreted as a hexagonal close-packed struc-
It is reasonable to restrict the range of the chemical poture of slightly distorted oxygen ions with 2/3 of the intersti-

[0001]

Fe,0,(0001)

FIG. 1. Structure of hexagonal-Fe,O; (hematitg. The left panel shows a top view of tH6001) surface terminated by a layer of
oxygen atoms, the central panels gives a perspective view, and the right panel is an orthogonal view para(@@d)thianes. The oxygen
atoms(light gray spheresform a slightly distorted hexagonal close-packed structure with three atoms per(payaunit cel). The iron
atoms(dark sphergsoccupy octahedral sites with two atoms per layer. Each of the gray and white bands contains exactjDgierfeila
unit and is thus charge neutral. The arrows indicate magnetic ordering of the low-energy antiferromagnetic state.
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TABLE II. Lattice parameters and total energies of hexagandte,0;. NM denotes a nonmagnetic
calculation, FM and AFM represent ferromagnetic and antiferromagnetic ordering, respectively. The two
AFM spin arrangements refer to the ordering in the Fe layers as explained in the text.

FM AFM’ AFM
Expt®  Wanget al? NM [ARRRNAN Tl TTHTTL
a=b (A) 5.035 5.025 4711 4.779 5.029 4.995
c (R) 13.747 13.671 13.625 13.298 13.852 13.858
Ea (€V) —223.041  —224574 224854  —227.358
AE (eV) 4.317 2.784 2.504 0.000

%Reference 12.

tial octahedral sites being occupied by Fe ithalong the  Joubert! The PAW potential for Fe is constructed for eight
[0001] direction of hematite, two iron layers alternate with valence electrons of the configuratiod@s* and the O po-
slightly distorted hexagonally close-packed layers of thredential for six valence electrons with the configuration
oxygen atoms per unit celtf. Fig. 1). Following the nomen-  2s?2p*. This PAW approach contains the physical aspects of
clature of Wanget al,'> we can write this structure as an all-electron, frozen core method, while maintaining the

—Fe—Fe—-Q@-Fe—Fe-Q-. computational efficiency of pure plane wave methods. The
The (000)) surface is stable at ambient temperature andtut-off in the plane wave expansion was 400 eV. All calcu-
oxygen partial pressure and shows no reconstru¢fidhac-  lations were performed with the Vienmd initio Simulation

cording to Weiss and RanKé,this is also a catalytically Package (VASP)’™® within the MedeA technology
active surface. Starting from bulk-Fe,O; and maintaining  platform2®

the two-dimensional periodicity of the conventional unit cell,  The computations were performed in several stages con-
there are the following possibilities to cred@01) surfaces: cerning the geometry optimizations and theneshes. When
O;—Fe—-Fe-Q, O,—Fe—Fe-0Q, 0O,—Fe—Fe-0, calculating surfaces or adsorption on iron oxide surfaces, it
Fe—Fe—Q, and finally Fe—Q. These five surface termina- was found to be advantageous to relax the surface atoms
tions have been investigated by Wasigal 12 layer by layer while fixing the rest of the system in order to

There is an additional surface termination, denotedobtain good convergence. Toward the end of the convergence
O-Fe-@, which has not been analyzed so far. As will be process, all atoms are relaxed. In terms of itk&pace inte-
shown in the following, this is the energetically preferredgration, the initial stages of the calculations used >a22
structure in an important range of temperature and oxygerx 1 Monkhorst-Packk-mesh, which was increased to a 4
pressure and thus may play an important role in the catalytic 4 X 1 k-mesh in the final stages close to geometric conver-
properties of this system. gence.

All of these six different surface structures have been in- In order to study the influence of spin polarization on the
vestigated in the present calculations. The surfaces are repesults, both magnetic and nonmagnetic calculations were
resented by a repeated-slab model containing on average p2rformed. Given the complex magnetic structure of iron
atomic layers. The spacing between the slabs is approxexides, full optimizations of the cell parameters and internal
mately 15 A. The model is constructed such that inversiorcoordinates were carried out for bulk & in different ar-
symmetry is maintained, i.e., both surfaces of the slab areangements of the magnetic moments, as will be discussed in
identical. Using the computed lattice parameters in the directhe following.
tion parallel to thg000)) surface as obtained from bulk cal-
culations, the atomic positions of all atoms in the slab are V. RESULTS
fully relaxed, resulting in optimized geometries and corre- o
sponding total energies as discussed in the following. A. Validation for FeO and bulk Fe;Os

The thermodynamic stability of the various iron oxide As an initial step, the applicability of the GGA within
surfaces as a function of temperature and oxygen partiapin-polarized DFT was probed for Fe@vustite), which
pressure is derived from the condition of equal chemical poerystallizes in the NaCl structure and thus can be computed
tential of oxygen in the gas phase and at the surface as disery rapidly. An optimization of the cubic cell with a non-

cussed in the previous section. spin-polarized Hamiltonian leads to a lattice parameter of
4.09 A, which is about 5% smaller than the experimental
V. COMPUTATIONAL ASPECTS value”® of 4.312 A. A spin-polarized calculation for a ferro-

magnetic ordering results in a theoretical value of 4.32 A,
The computation of the ground state structures is based are., there is a change of about 6% in the lattice parameter
spin density functional theoty* using the generalized gra- between nonmagnetic and magnetic calculations. These re-
dient approximation(GGA) for the exchange-—correlation sults clearly demonstrate the importance of magnetic effects
potential>® The Kohn—Sham one-particle wave functionson the structural parameters of iron oxides.
are expanded in a plane wave basis with projector augmented As the next step, the lattice parameters of the hexagonal
wave (PAW) potentials® as implemented by Kresse and a-Fe,O; bulk unit cell were optimized using nonmagnetic,
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Bulk Fe,O, (0001) Surfaces

O-Fe-0,-Fe

-50.7%
+18.8%

-6.6%

FIG. 2. Structure and relaxation of the most relevaniJzg0001) surface terminations as a function of oxygen coverage. All values are
relative to the corresponding interlayer spacing in bulk@=e Regions of charge neutrality are shaded. Note the pronounced flattening of
the subsurface Fe double-layer in the case of the fully oxidized surface dengteBle©Fe with a similar tendency for the cases
O-Fe—Q-Fe and Fe—-&-Fe.

ferromagnetic and antiferromagnetic arrangements of theV per cell compared to the case of antiparallel spin within a
spin. Regarding the antiferromagnetic ordering, two differendouble layer. Therefore, the model with parallel spins in each
spin configurations were investigated, namely one with pardouble layer and AFM ordering between the double layers
allel spins within each iron double layer but antiparallel torepresents the ground state within the present approach and
the next double layer, and one with antiparallel spins withintherefore will be used for all further calculatiofs. Fig. 1).
each double layer. The results are given in Table II. This ordering is consistent with the experimental fact that
As in the case of wstite, the nonmagnetic calculation hematite is an antiferromagnet with a éléemperature of
seriously underestimates the lattice constants of hematit®55 K. (Below 260 K hematite becomes a weak ferromagnet.
The differences in the lattice parameters obtained from ferThis low-temperature transition is due to subtle effects of
romagnetic(FM) and antiferromagnetiCAFM) calculations  noncollinear magnetism, which are not considered in the
demonstrate the importance of the ordering of the spin mopresent contextThe bulk-like structure of-Fe,O5 is main-
ments. In the FM case, the lattice parameters deviate strongtgined also in thin films, as discussed by Schedel-Niedrig
from experiment and the total energy is about 2.8 eV per celét al1®
higher compared with the ground state. The lattice param- The deviation of the lattice parameters from the experi-
eters from both AFM models are in good agreement withmental values is about 0.8% farandc. These are reason-
experiment. However, there is a pronounced difference in thable results lying well within the usual errors of the GGA
total energy between the two AFM cases. The configuratiomethod.
with parallel spin within each double iron lay¢taken as The diatomic molecule FeO represents another limiting
energy reference in Table)lls energetically favored by 2.5 test case. A geometry optimization of this molecule in a large

TABLE lIl. Surface relaxations(in % relative to the interplanar spacing in butk Fe,0;) of the different terminations for the
Fe,05(0001) surface compared with the FLAPW results of Wan@l? For surface terminations, where several geometries are possible
(e.g., Q—Fe—Fe and Fe—GFe), only the energetically most favorable geometry is listed.

Ref. (12) Ref. (12)
O3-Fe-Fe O3-Fe-Fe 02-Fe-Fe Ol-Fe-F- Fe-Fe-03 Fe-0O3-Fe Fe-0O3-Fe O-Fe-03-Fe
16 L 16 L 16 L 16 L 14 L 18 L 12L 14L
Fe-03 -57 -51.3 —18.8
03(/2/1)—Fe -1 -4.9 4.9 55 7 6.4 4.6
Fe—Fe -79 —78.4 —56.3 —26.3 8.0 -33 -317 —50.7
Fe-0O3 +37 34.7 14.6 —-5.7 —46.7 15 13.1 18.8
O3-Fe -6 -7.1 35 7.4 23.7
Fe—Fe +16 17.4 7.6 4.3 —4.4
Fe-0O3 -4 -35 —4.6 -5.2 -51

%Reference 12.
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TABLE IV. Magnetic momentgin wg) for F&,05(0001) surfaces with various terminations as described

in the text.

0O3-Fe-Fe 02-Fe-Fe Ol-Fe-Fe Fe—Fe-03 Fe-03 O-Fe-03

16 L 16 L 16 L 14 L 12 L 14L

O 0.2 0.2 0.3 0.1
Fe—Fe 1.7 2.8 3.4 3.1 3.3 1.4
03 0.1 0.0 0.0 0.0 0.0 0.0
Fe—Fe —3.6 —-35 -35 -35 —-35 —-2.4-33
03 0.0 0.0 0.0 0.0 0.0 0.0

supercell using the same level of theory as applied in theve see a strong contraction between the outermost Fe—Fe
above bulk calculations gives a bond length of 1.62 A with adouble layer, and a widening of the distances between the Fe
magnetic moment of 4, which corresponds to a quintet and G layers below, although somewhat more moderate
ground state. This is in excellent agreement with the experithan in the case of £-Fe—Fe termination. This trend con-
mental bond length of 1.6259 A for the&S* state of the tinues as another oxygen atom is removed from the surface.
diatomic moleculg®-22 In the case of the (- Fe—Fe surface, there is still a contrac-
Given that spin polarized DFT with the GGA gives rea- tion of 26% within the Fe—Fe double layer. The widening to
sonable bond distances and magnetic ordering in bulk irothe underlying @ layer reverses to a contraction of about
oxides and the diatomic molecule FeO consistent with thes%.
usual errors of GGA calculations, one can assume that this For the fully reduced Fe—Fe—Qurface, the relaxation is
level of theory may also give meaningful structural and total-of different sign: in this case, there is a widening of 8%
energy related information for the surfaces of iron oxideswithin the Fe—Fe double layer, and a contraction of 47%
which represent intermediate cases between the two limits dfetween the Fe and Qayers. The distance of the;@ayer to
a bulk solid and molecules. However, the calculation ofthe underlying Fe layer is enlarged by 24%. Thus, the fully
properties such as photoemission spectra and pressurexidized and fully reduced surfaces show different geometric
induced metal-insulator phase transitions of@grequires a  characteristics in terms of relaxation. This is likely to be
different level of theory such as LDAU and there may also related to the charge distribution in the different surface ter-
be consequences for the character of the frontier orlfitals. minations. In the case of £ Fe—Fe, there is a stoichio-
Nevertheless, the results obtained for the test cases discuss@étric excess of 1.5 oxygen atoms in the surface lager
in this section provide evidence that the DFT-GGA level of Fig. 2). In the system @-Fe—Fe, the excess is only 0.5
theory is meaningful for the prediction of overall structural oxygen atoms and in 3-Fe—Fe, there is a stoichiometric

and energetic properties of the Fe—O system. deficiency of 0.5 oxygen atoms in the surface layer.
The next step is the removal of one of the Fe atoms,
B. Fe,04(000) surfaces which results in a surface termination with a single Fe layer.

) ) L Among the different possible locations of the surface Fe
We will now focus on the different surface terminations of

Fe,05(0001) starting with the fully oxidized £-Fe—Fe sur-

face. This system shows a very strong relaxation, as can be 140 -
. . . O,-Fe-Fe

seen from Fig. 2 and Table Ill. The main effect is a strong [
inward displacement of the surface atoms resulting in a flat- & 1201 T
tening of the double layer of iron atoms below the surface > 100! 3
oxygen atomdcf. Fig. 2. Adopting the notation of Wang = OF 115 2

12 .1: . . . - Fe-Fe =
et al,™ this relaxation can be described as a contraction of 3 80 | s
about 5% between the oxygen layer and the iron layer, and aug 1 .
contraction of as much as 78% between the two iron layers. 9 €0 o fon temperature §
In addition, the distance to the oxide layer below is enlarged & 45 | L t
by about 35%. The relaxation even affects deeper layers, @ Fe-O,-Fe <a?;“ tos @
such that the distance within the next Fe—Fe double layer is 20 1 ;)
widened by 17%. These values are in very good agreement ob 1 [OsFeFe 0
with the FLAPW results of Wandf Clearly, surface relax- 25 2 15 " 05 0

ation plays an important role for this material.

Proceeding from the system;©Fe—Fe, we gradually re-
duce the surface by removing oxygen. There are several pos- g|G. 3. Free energy of a F8; (0001 surface as a function of
sibilities of abstracting an oxygen atom from thg-Je—Fe  oxygen chemical potential. The thermodynamically stable structures
surface to create an ;QFe—Fe termination. Within the are Fe—Q-Fe, O-Fe—@-Fe, and @-Fe—Fe. Within the valid
present model, all cases were investigated and the energetinge of uo, the surfaces ©-Fe—Fe and @-Fe—Fe are meta-
cally most stable arrangement is given in Table Ill. Again,stable.

Oxygen chemical potential p5(eV)
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140 ] OFerFe [ duced considerably if the surface is terminated by oxygen
! 2= ( atoms. The surface oxygen atoms show a small magnetic
& 120 12 moment of 0.2—0.3g, whereas the moment on the surface
% I £ Fe atoms lies between 1uf in the fully oxidized case,
E 1001 115 = 2.8 ug in the presence of two O atoms, and .4 if there is
T i > only one O atom present. In the case of the Fe terminated
% I § surface, be it an iron double layer or single layer, the mag-
o 60 1 o netic moments of the Fe atoms remain in the range between
§ I 8 3.1 and 3.3ug. Thus, adsorption of oxygen atoms reduces
£ 407 LL'.: FeOFe | 05 5 the magnetic moments of the surface Fe atoms. One should
2 0 % : i keep in mind that the DFT-GGA level of theory underesti-
O,-Fe-Fe S i mates the absolute value of magnetic moments yOg@nd
0 ‘ ‘ 0 that theories such as LDAU are needed to obtain quantita-
0 500 1000 1500 tive agreement in the magnetic momefts.
Temperature (K)
, R C. Thermodynamic stability of Fe,05(0001) surfaces
g X Using the thermodynamic approach described in Sec. II,
- %i | the stability of various stoichiometric compositions of

Fe,0,(0001) surfaces is obtained as a function of the chemi-
FIG. 4. Free energy of a F®; (0001 surface as a function of cal potential of oxygen as shown in Fig. 3. At high chemical
temperature for a constant oxygen partial pressurePeD,)  potentials of oxygen, i.e., at low temperatures or high partial
=0.2 bar. The thermodynamically stable structures Fﬁ—@, pressures of oxygen, the fu"y Oxygen-covereg_Ge_ Fe
O-Fe-Q-Fe, and @-Fe—Fe are shown at the bottom. surface is thermodynamically the most stable termination. At
the other limit, namely at a low chemical potential of oxygen
atom, the most stable arrangement is one with the Fe atom ifhigh temperatures or low oxygen presslyahe reduced
the position equivalent to the bulk stacking. One finds aFe—Q—Fe surface is stable. In the range of the oxygen
strong contraction of- 51% between this single Fe layer and chemical potential betweer-1 and —0.5 eV, the most
the G, layer, whereas the other relaxations are similar to thestable surface is the Pé) ferrate-like surface termination
O; terminated casé&ontraction between Fe—Fe double layer O—Fe—Q-Fe. The surfaces £ Fe—Fe and §-Fe—Fe are
and widening to the underlying{ayer. The surface layer unstable in the entire viable range of oxygen chemical po-
is perfectly stoichiometriccf. Fig. 2, namely FeQ@s or  tentials.
Fe,O5 and the nominal oxidation state of this type of surface The transition from Fe—©-Fe to O—Fe—@-Fe atu’
iron atom is+ 3. =-—0.9 eV is intuitively very appealing. It means that the
All of these surfaces can be directly created by cleavag&e,0O3(0001) surface features reactive Fe atoms, which are
of bulk F&0Os. If one considers an oxygen-rich environment, able to capture and release oxygen atoms at intermediate
there is another possible surface termination, namely an oxtemperature and pressure conditions, thus shuttling between
dation of the Fe—@-Fe surface to O—Fe—©OFe. This sur- Felll) and F€V) oxidation states. The oxygen atoms are
face termination was not mentioned by Waetaal, butit has  sterically easily accessible and thus may play a key role in
recently been discussed by Surrenval? in the context of catalytic redox reactions on this surface.
surface terminations of metal oxides crystallizing in the co- The transition from O-Fe—-£-Fe to Q-Fe—Fe in-
rundum structure. In this geometry, an O atom forms a bondolves a change in the number of iron atoms at the surface.
to the surface Fe atom with a bond length of 1.6 A, therebyOne possibility consists in the lateral diffusion of iron atoms,
reducing the bonding between the Fe atom and théager.  for example from steps. Such surface rearrangements are
The relaxation of the surface iron atom toward the underlydikely to involve complicated kinetic processes and it is quite
ing O; layer becomes less pronounced by changing fronpossible that the O—Fe—©Fe structure is meta-stable for
—51.3% to—18.8%. The subsurface relaxations show theoxygen chemical potentials well above0.5 eV.
same tendency as for the Fez-0re surface, but are slightly A convenient representation of the results is a plot of the
enhanced. surface free energy as a function of temperature for a given
The surface Fe atoms in the O—Fez-€se have a formal oxygen partial pressure. This is done for a pressurd of
oxidation state of+5 and a tetrahedral coordination of oxy- =0.2 bar as shown in Fig. 4. At low temperatures, the most
gen atoms. Such a coordination is known for this high oxi-stable surface is £-Fe—Fe, i.e., a surface fully covered
dation state of iron in ferrate compounds such aswith oxygen atoms. Above approximately 500 K, the
Ka(FeQ,).?® O-Fe—Q-Fe surface is thermodynamically stable. At a
The magnetic moments of the various terminations of theemperature of about 850 K, this surface releases oxygen
Fe,05(0001) surface are summarized in Table IV. In theatoms to form the Fe—{-Fe surface termination. It is re-
interior of the slab, the moments remain close to their bulkmarkable that the industrial catalyst used in the selective oxi-
values of about 3.5 for the Fe atoms and 0,03 for O. At dation of ethylbenzene to styrene is operated in this tempera-
the surface, the magnetic moments of the Fe atoms are rédre range at comparable oxygen partial pressures. While the
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O, on Fe-Fe-O; surface O, on O1-Fe-Fe surface
a b c d e
0.5 g 04y
1.31A‘r 1.44 A - 130* 2
4 ; < Hs 0.2 g ; E

. Y A -
Perpendicular Peroxide Dissociated Oblique Parallel
Chemisorption (5-ring structure) (O,-Fe-Fe surface) Chemisorption Chemisorption
E=-12eV/O, E=-3.1eV/O, E=-49eV/O, E=-08eV/O, E=-13eV/O,

FIG. 5. Chemisorption of an Omolecule on the fully reduced Fe—Fez8urface and desorption from the fully oxidized-GFe—Fe
surface. Binding energies, O—0O bond distances, and magnetic moments per oxygen atom are given for each geometrical arrangement.

present calculations represent a highly idealized system, thigom the fully oxidized Q—Fe—Fe surface, ani) the in-
coincidence between the conditions for the release of oxygegraction with the thermodynamically stable Fe;~@e sur-

from the active surface Fe atoms and the optimal operatingace. In terms of the oxidation state, the latter case falls be-
conditions for the industrial catalyst could be more than fortween a fully reduced and a fully oxidized surface.

tuitous.

1. G, on Fe—Fe—-0; surface
D. Chemisorption of molecular oxygen on FgO5(0001)

Compared with the @-Fe—Fe surface, the separated sys-
surfaces P e P Y

tems Q and Fe—Fe—Qare less stable by 4.9 eV per, O

In the present context, an important aspect is the interackhus, the chemisorption of molecular oxygen on the reduced
tion of molecular oxygen with the iron oxide surfaces atiron oxide surface is strongly exothermic, as expected.
various levels of oxygen coverage. To this end, we havéAmong the many possible configurations of an oxygen mol-
investigated stable and meta-stable structures of molecula&cule binding to this surface, we consider three cases,
oxygen on FgO;(0001) surfaces including the regimes of a namely(i) O, perpendicular to the surfacgi) O, parallel to
fully reduced and a fully oxidized surface. Together with thethe surface(iii) an obliqgue angle between the O—0O axis and
results discussed earlier, a comprehensive picture of the irthe surface.
teraction of molecular oxygen with this iron oxide surface is In the case of an ©molecule constrained to a geometry
obtained. perpendicular to the surface on top of the lower of the two

As reference, we use the total energy of molecular oxygesurface Fe atomécf. Fig. 5a)], we find a chemisorption
0O, computed in the same cell as used for the surfaces witknergy of—1.2 eV per Q revealing a strong interaction be-
the same computational parameters. This calculation is spitween the molecule and the surface. Correspondingly, the
polarized, since the ground state of thg @olecule is a O-O bond distance increases from 1.24 to 1.31 A. Upon a
triplet. We obtain an O—O distance of 1.24 A and a totalslight tilt of the molecule away from the surface, the energy
magnetic moment 2.00g. The experimental value for the remains almost unchanged. This shows a very flat energy
equilibrium bond distance is 1.20752?AThe overestima- hypersurface for the bending of the oxygen molecule. The
tion of the bond length by about 3% is somewhat large, buthemisorption is accompanied by a reduction of the mag-
consistent with the typical errors of the GGA. The calculatednetic moment. As stated earlier, the present calculations cor-
electronic energy for the Omolecule is—9.818 eV, which rectly give a triplet ground state for the isolateg @olecule,
is the value used in the thermodynamic analysis describete., the molecule has a total magnetic moment pfz2 For
earlier. the isolated molecule, a projection of the spin density onto

With the data for the surfaces and molecular, @e can  spheres around each atom with a radius of 0.82 A yields a
create models describing the interaction of oxygen with theprojected moment of 0.8z per O atom. Upon chemisorp-
surface, compare energies, and we can study the differetibn in the perpendicular geometry, this moment is reduced to
geometries. Three important cases will be considered).43ug and 0.50ug per atom for the O atom closer and
namely(i) the interaction of molecular oxygen with the fully farther from the surface, respectively. This geometry can be
reduced surface Fe—Fe—O(ii) the abstraction of oxygen interpreted as an unstable chemisorbed precursor state.
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As the angle between the surface and the O-O bond O, on Fe-O;-Fe surface
is increased to about 45°, a geometry optimization tilts
the molecule further leading to a structure, which could be
described as a peroxidef. Fig. 5b)]. In this geometry,
the two oxygen atoms form a five-membered ring
of —Fe—0O-0-Fe—-0- and the O-0O distance increases to
1.44 A, which is typical for peroxides. The adsorption energy
is —3.1 eV and the projected magnetic moment per O atom
is reduced to approximately 0. This value is close to
the magnetic moment of surface oxygen atoms in a fully
dissociated form.

In the third case, an ©molecule is brought close to the FIG. 6. Chemisorption of an Omolecule on the single iron-
surface in an orientation parallel to the surface. During theerminated stoichiometric Fe4OFe surface. Binding energies,
geometry optimization, the molecule dissociates, apparentlp—O bond distances, and magnetic moments per oxygen atom are
without a barrier, to form an oxygen terminated-J-e—Fe  given for each geometrical arrangement.
surface. This process gives an energy gain-@f.9 eV per
O, molecule. In the final geometry, the O atoms have a pro-
jected magnetic moment of approximately @.g as in the After geometry optimization, the angle between &nd
cases shown in Table IV. the surface is about 30°. Given that the total energy of the

The calculations reveal that on the fully reducedfuylly dissociated state, which corresponds to aj-Be—Fe
Fe—Fe—Q surface, an © molecule dissociates without a surface, is 2.9 eV lower than that of the system O
kinetic barrier once the molecule achieves a favorable posi+ O,—Fe—Fe one has to conclude that there is a barrier for

tion above the surface. This could be seen as a spontaneoge dissociation and recombination of ap @olecule on an
oxidation of the surface. The dependence of the surface e, — Fe—Fe surface.

Perpendicular Horizontal Oblique

E=-0.7eViO, E=-10eV/0, E=-05eV/O,

ergy as a function of the oxygen chemical potentél Fig. The O, molecule in an orientation perpendicular to the
3) shows that over the entire range covered in typical labop, — Fe—Fe surface shows an adsorption energy 0f8 eV,
ratory and reactor conditions, the,OFe—Fe surface ial-  \yhich is thermodynamically less stable by 2.1 eV compared

ways thermodynamically more stable than the Fe—Fg—Otp the Q,—Fe—Fe surface. We find a precursor chemisorbed

surface. From these two resulthermodynamics and kinet- state similar to the above-studied surface, in which the O—O

ics) we can therefore conclude that the Fe—Fg-sOrface  gjstance is 1.30 A with magnetic moments of 0.2 and0s4

will not exist under conditions relevant for Cata|y'[iC pro- for the Corresponding oxygen ator(&]e O atom closer to

cesses. In faCt, the formation of the Fe—F%—@]rface the surface has the lower magnetic morment

W0u|d require a Combination Of Ultrah|gh vacuum and h|gh In the case of a Starting geometry W|th an ang'e of 45°

temperatures, where bulk hematite would start to decomposgetween the @axis and the surface, we obtain a different

adsorption geometry with a higher adsorption energy of

2. O, on O,—Fe—Fe surface about—1.3 eV, but no typical peroxide is formed, although

the O—O distance is enlarged to 1.40 A and the angle to the

The next case is the fully oxidized;©Fe—Fe surface, urface is reduceftf. Fig. 5e)]. The magnetic moment of

O, molecules on an O-Fe—Fe surface. The;© Fe—Fe sur-
face is the most stable termination at very high oxygen par
tial pressures or very low temperatures. Removal of an O
molecule from this surface leads to an-d-e—Fe surface
and an Q molecule. This process is physically reasonable
because the thermodynamic analy@t Fig. 3 shows that
at low oxygen pressures the,©Fe—Fe surface is more
stable than the fully oxidized surface. For these reasons, we
consider the structure and energetics of ghnidlecule ad-
sorbing on(or desorbing froman O,—Fe—Fe surface. The next system probes the regime of highly oxidized
Starting with the @— Fe—Fe termination, anOnolecule  iron oxide by investigating the binding of an O atom to one
is brought close to the surface and a local minimum is deteref the three surface oxygen atoms of ag-®e—Fe surface
mined by geometry optimizations. Two geometric cases arevith an O—O distance equivalent to the bond length in an O
investigated, namel(i) an O, molecule perpendicular to the molecule. One can consider this also as a model of the inter-
surface with one of its atoms at the O bulk position ofaction of an Q molecule with an @-Fe—Fe surface. In this
Fe,05, and(ii) a starting geometry with the molecular O—O case, the desorption of ;,Ofrom the Q-Fe—Fe surface
axis at an angle of approximately 45° with respect to thewould create one oxygen vacancy. The thermodynamic sta-
surface. In both cases the @olecule does not dissociate as bility of the systems under investigation {OFe—Fe
was found for Q on the fully reduced Fe—Fe—Gurface. >0,—Fe—Fe-30,>0,—Fe—Fe-0,, ordered from high to
There are no indications for the formation of a peroxide. low stabilityy shows that the reaction 0Fe—Fe-10,

these results we can see that the-Be—Fe surface corre-
sponds to a local minimum, which could exist under experi-
mental conditions because of the existence of kinetic barriers
and the fact that in the surface phase diagtehiig. 3) it is
more stable than the{3 Fe—Fe surface at high temperatures
and low oxygen pressures.

3. O on O;—Fe—Fe surface
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— 0O,—Fe—Fe+- O, constitutes a realistic scenario. In particu- 0.7ug, which is only slightly reduced from Ow8; of the free

lar, it is of interest if this process of abstracting one oxygenmolecule.

atom from the Q—Fe—Fe surface involves an energy barrier A geometry with the @ molecule above the surface Fe is

or not. energetically more favorable, although neither spontaneous
To this end, we start from the 8Fe—Fe surface, place dissociation nor the formation of a peroxide could be ob-

an additional O atom at about 1.2(Re., the Q bond length ~ Sérved as was the case fop ©n the Fe—Fe—©Qsurface.

above one of the three surface oxygen atoms and then relah{!iS sounds obvious, as in this case the surface is repre-

the system. During the geometry optimization, the newlySentéd by a single Fe atom above thel@yer. This Fe atom

created oxygen molecule tries to escape from the surface. A" form a bond with only one oxygen, whereas the other
the resulting minimum, the O atom initially bound to the 9Xy9en would be pushed off by the oxygen layer and should

surface ends up about 0.24 A higher than the other two su'lgave the surface after dlssomatlon.
An O, molecule bound perpendicularly on top of the sur-

face O atoms. Using this geometry as the starting position fo{ace Fe atom has an adsorption energy-@£.7 eV per mol-

the nex_t calculation, the two O atpms involved in the_ processecule, an O-0 distance of 1.27 A, and magnetic moments of
of forming an oxygen molecule, i.e., the, @olecule itself,

) 0.3 the O b d to the Fe at do. f th -
are pulled away from the surface in steps of 0.1 A. e (the O bound to the Fe atgrand 0.5us of the corre

sponding O atoms. The most stable geometry occurs when

By carrying out this process step-by-step, the energy progy, pings parallel to the Fe atom, with 1.0 eV adsorption

file of the desorptior('or chemisorption of an oxygen mol- energy, 1.34 A O—O distance, and magnetic moments of
ecule from(to) an oxidized FgO3(0001) surface shows no o 3, for each of the two O atoms. The O—Fe distance is

barrier along this path on the energy hypersurface. Thig g A in the perpendicular arrangement and 1.9 A in the
would mean that, coming from the gas phase, 3nn®@I-  parallel geometry.

ecule can be adsorbed on thg-&re—Fe surface without a
barrier, thus creating an© O,—Fe—Fe surface, or, in a dif-
ferent notation, an ©-Fe—Fe termination. This calculation
was done with the relaxed ©Fe—Fe surface as starting  Spin-polarizedab initio DFT-GGA calculations using
position. In the subsequent removal of the @olecule, the PAW potentials as implemented in VASP have been used to
coordinates of the other atoms were frozen. Taking the oxyivestigate the structure and thermodynamic stability of the
gen chemical potential into consideration, we find that at low(0001) surfaces of Fg; (hematit¢. For high chemical po-
temperatures or high oxygen pressures the Be—Fe termi- tentials of oxygen, i.e., at a high oxygen partial pressure and
nation is energetically preferred compared to the-Be—Fe  at low temperature, the most stal§@01) surface of hema-
termination. tite is completely covered with oxygen atoms. This termina-
tion is denoted @-Fe—Fe surface. At low oxygen chemical
potentials, but within the stability range of bulk hematite, the
(0001 surface is terminated by an oxygen layer with one

After the study of the two limiting cases of low and high iron atom per two-dimensional unit cell slightly above the
oxygen coverage, we will now investigate the intermediateplane of the surface oxygen atoms. This case is denoted as
thermodynamic conditions corresponding to those found irFe—Q,—Fe surface and corresponds to a fully stoichiometric
the typical catalytic oxidation processes with iron oxide catasurface with the surface atoms in the formal oxidation state
lysts. For instance, the oxidation of ethylbenzene to styrenef + 3. The fully reduced form, which would be terminated
is carried out at a temperature of about 800 K and a partiadolely with Fe atoms, is thermodynamically unstable. In fact,
oxygen pressure of 0.2 bar. Under these conditions, the thethis surface is found to be highly reactive, as it dissociates
modynamically most stable surface is the Fe—Be sur-  adsorbed oxygen molecules spontaneously.
face, which can bind an additional O atom to form the In the regime of intermediate values of the oxygen chemi-
O-Fe—Q-Fe termination. Here we consider the interactioncal potential, two surface structures have very similar stabil-
of an O, molecule with the Fe—©-Fe surface to form an ity, namely Fe—@-Fe, which is terminated by Fe atoms,
O,—Fe—Q-Fe arrangement. The geometry and stability ofand O—Fe—@-Fe, where an additional oxygen atom is at-
this structure is compared with the systenpde—Q—Fe.  tached to the surface Fe atoms. In this case, the formal oxi-

The following models were taken into considerati@h.  dation state of the surface Fe atomsH§ and one can refer
Fig. 6): O, perpendicular to the surfad€ig. 6(@], O, par-  to this case as ferrate-like structure, since the tetrahedral co-
allel to the surface above the surface Fe affig. 6(b)], and  ordination of FéV) in this surface termination is similar to
O, parallel to the surface between two surface Fe atoms. that in ferrates such as;KFeQ,).

The calculations show that for a stoichiometry of one O  Thus, the surface Fe—©Fe has the ability to accept and
molecule per surface unit cell, the oxygen molecule is adrelease oxygen upon small changes in the chemical potential
sorbed parallel to the surface between two Fe atoms in af oxygen. For a pressure of 0.2 bar, the cross-over between
physisorbed state with an adsorption energy-@.5 eV per the surfaces with and without the attached oxygen is at a
0, molecule[Fig. 6(c)]. The O-O distance of 1.25 A is temperature of about 850 K. It is probably not a coincidence
therefore close to the Obond length of 1.24 A and the that the oxidation of ethylbenzene to styrene using an iron
distance to the closest Fe atom is rather |a@& A). The  oxide catalyst is carried out in this temperature and pressure
atom-projected magnetic moment of the two O atoms igange.

VI. SUMMARY AND CONCLUSIONS

4. O, on Fe—0;—Fe surface
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Computations describing the interaction of moleculartion between the structures denoted Fg—Be and
oxygen with(000)) surfaces of hematite reveal that the com-O—Fe—Q—Fe provides a critical test.
pletely reduced surfac@.e., a surface terminated solely by  Other uncertainties in the present study originate from the
Fe atom$ would dissociate @ molecules spontaneously. use of a finite slab to represent the surface. Experience with
Such a behavior is not found for surfaces such awther systems shows that a thickness of approximately 12
0,—Fe—Fe, which are already partially oxidized before thelayers should be sufficient to describe the structure and en-
addition of Q molecules. ergetics of surfaces. Furthermore, the slabs are constructed in

At this point, it behooves us to assess the uncertainties ¢fuch a way that they do not exhibit a dipole moment. This
the present computational study. Assuming that crystalloconstruction prevents errors due to spurious long-range inter-
graphically perfect surfaces are representative models, tHactions between the slabs m_the gupercell ap_proach.Afurther
dominant uncertainty in the present predictions of the strucP0SSiPle source of uncertainty in the predicted structures
tural and chemical properties of iron oxide surfaces comeﬁOmes from the fact that all models used in the present study
from the use of the GGA-DFT. One could argue that this ave the same periodicity in the directions parallel to the

level of approximation is inadequate for describing the eIec—(OO(m surface as the conventional hexagonal unit cell of a

tronic structure of strongly correlated systems such as iroﬁg;usnglrjéncsgrr]i%grri?j' I,zn%tthhzrrvgrdrsc’engfSur:fcaecr?a'rr?tcong;u;s-
oxides. In particular, there are serious concerns about th ! ' u u inty

correct ordering of Op vs. Fed states near the Fermi rom the neglect of the temperature dependent vibrational
level?® Errors of this kind could change the nature of the Parts of the free energy and entropy of bulk and surface

frontier orbitals and thus lead to an incorrect description Oic_alculaﬂoqs. Fu_rthermore,_the_ present mode| does not con-
the chemical bonding. sider configurational contributions to the entropy. Although

In order to probe the validity of the GGA-DFT approach, the electronic energy presents the dominant component of

we have performed computations for the bulk crystals Fedhe internal energy, the vibrational and configurational con-

and FgO5 as well as for the isolated FeO molecule. In termstribm.ions could have s[gnificanj consequences. Finally, ij[ is
of coordination number and chemical environment, surfaceRossible that energy minimizations using conjugate gradient

lie between these two extremes. These test calculations sh wethOOIS miss relevant minima on the energy hypersurfa_ce.
the present systems, this could occur for structures which

that equilibrium bond distances as well as magnetic momen )
for the bulk crystals and the FeO molecule are quite We"mvolve a major rearrangement of atoms throughout several

described on the GGA-DFT level of theory and that the de_lallygrsd n'?ar Lh?. sun(‘jagr(]a.t\{[\ahne S#?E scentarlost_cann?t bi". ex-
viation between computed and experimental values is ver uded, 1t1s believed that through the systemalic exploration

similar to those found for many other systems. This implies f a range of different oxygen coverages, as was done in the

that properties such as the total energy or total densitieP eSent study, the key surfaces structures have been ad-

which depend on integrals over the space and energy Speg[essed.
trum, are reasonably well described by the GGA-DFT level

of theory, even if details around the Fermi energy may not be
properly accounted for. While it is reasonable to expect that Fruitful discussions with Professor J. Hafner and Profes-
the key structural and thermochemical features of iron oxidesor G. Kresse are gratefully acknowledged. This work was
surfaces are captured by the current computations, the valigupported by the European Commission withinTitaining

ity of the present approach will have to be proven by experi-and Mobility of Researcher®rogram under Contract No.
ment. To this end, the thermodynamic analysis of the transiERB FRMX CT 98-0178.
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