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Reduction and Oxidation of Maghemite (001)
Surfaces: the Role of Iron Vacancies

Giulia Righi? ", Rita Magri'?
I Department of Physics, Informatics, and Mathematics of the University of Modena and Reggio-
Emilia
2 CNR-S3 Institute of Nanoscience, via Campi 213/A, 41125 Modena, Italy

Abstract

The knowledge of surface reduction and oxidation energetics in reducible oxides is essential for the design of
improved catalysts for oxidation reactions. This is particularly true for iron oxides, a very attractive material
system because of the availability and biocompatibility of its constituents. In this work by means of density
functional theory (DFT) we have thoroughly studied the y-Fe,O; (001) maghemite surfaces, taken fully
account of the iron vacancies beyond a mean field approach. Despite the structurally similarity with the more
studied magnetite Fe;0, surfaces, from which maghemite differs only for the presence of iron vacancies in
the octahedral sites, and for the absence of reduced Fe?" cations, the surface properties are quite different.
Our investigation shows that the presence of Fe vacancies is responsible for an increase in the surface
reducibility. Also, it favors surface oxidation. The main reason is that the Fe vacancies cause a decrease of
the electronic charge of the surface oxygen atoms, which become then more reactive. We have considered
different surface terminations and found that the reduced surfaces are more stable than the simple bulk-
truncated ones. The reduction leads to a new reconstruction of the surface which is the most stable surface
termination among those investigated. We have examined the charge transfers and the modifications in the

electronic structure caused by the surface reduction.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 2 of 31

I. Introduction

Iron and Oxygen are two of the most plentiful elements on Earth, and, consequently, many studies have been
aimed to investigate the potential of iron oxides for a large number of applications. Iron oxides have been
indeed proposed for sustainable energy storage ! 2, biotechnology 3, data sensors, biomedicine *. In the field
of clean energy production an important role is played by electrochemical devices for the utilization of
alternative, environmentally friendly fuels, and iron-oxides have the potential to make a substantial
contribution as electrodes in such devices. The possibility to use iron oxides as new catalytic electrode
materials in substitution to the existing costly and rare raw materials (i. e. platinum), without loosing in

efficiency and maintaining an high level of performance is highly attractive.

Many catalytic reactions, as for example CO oxidation, follow the Mars-Van Krevelen mechanism °. In this
mechanism the surface is reduced with a surface oxygen atom transferred to an adsorbed fuel molecule. This
reaction is then followed by the surface re-oxidation with the refilling of the oxygen vacancy from an O,
molecule from the gas-phase. The mechanism thus requires an easy transfer of oxygen atoms from and to the

catalyst surface. Reducible oxides, such as iron oxides, can thus be effective catalysts for these reactions.

In this paper we study the reduction and oxidation properties of the maghemite (y-Fe,O;) iron oxide as
determined by the extraction and addition of oxygen atoms from and to the surface. Maghemite surfaces
have been shown to have a high potential for applications. Recently, Qiu et al. ¢ have shown experimentally
that maghemite exhibits promises for oxygen reduction reactions (ORR), a fundamental reaction taking place
in living systems and at the cathodes of electrochemical devices 7. Najafishirtari et al. ®have observed that
larger the percentage of the maghemite phase over the hematite one, a-Fe,Os;, in dumbbell shaped
metal/iron-oxide nanocrystalline catalysts, more reactive were the catalysts towards CO conversion.
Furthermore, iron-oxides in the maghemite phase have recently been proposed as cathode or anode
materials for lithium iron batteries, which need to be improved for their extensive use in hybrid electric

vehicles and new devices ° 1.

ACS Paragon Plus Environment



Page 3 of 31 The Journal of Physical Chemistry

oNOYTULT D WN =

Maghemite (y-Fe,0;) is the second most stable iron oxide '°. It is obtained by the oxidation !'' or as a
weathering product !? of magnetite (Fe;0,), which is the most stable (in conditions of ultra-vacuum) and
studied iron oxide. Maghemite and magnetite are structurally correlated '3. They have both an inverse spinel
crystal structure with two kinds of differently coordinated Fe atoms: iron atoms coordinated to oxygen
atoms in octahedral sites, and iron atoms with a tetrahedral coordination to oxygen atoms. Contrary to
magnetite, where all the tetrahedral iron atoms have oxidation state Fe** and an equal number of Fe*" and
Fe?" cations occupy the octahedral sites, in y-Fe,Os all the iron atoms are in a trivalent oxidation state. To
guarantee the neutrality of the bulk structure some Fe vacancies are required, that have experimentally been

found to be located at the octahedral sites !“.

Several experimental works '3 16 17 18 guggested that the iron vacancies of maghemite are arranged in an
ordered structure corresponding to the tetragonal space group P4,2, with a=8.347 A and ¢=25.042 A.
Recently, Crespo et al. !2, using a DFT approach and a supercell containing three magnetite bulk unit cells,
compared the total energies of all the structures obtained by occupying differently the 24 Fe octahedral sites
with 8/3 vacancies. They found that the structure with space group P4,2, is indeed the most stable. The
supercell corresponded to thrice the cubic unit cell of the magnetite bulk, replicated along the [001]
direction, so as to accommodate an integer number of iron vacancies.

Along the [001] direction of this crystalline structure, the maghemite and magnetite bulks correspond to the
alternation of octahedral Fe and oxygen planes and of tetrahedral Fe planes. In the ordered structure with
P4,2, space group the Fe vacancies are located in two (octahedral Fe — oxygen) planes out of three as shown

in Fig. 1.
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Fig. 1 Maghemite (y — Fe,05) bulk. Dark and light grey balls are the octahedral and tetrahedral iron atoms,
respectively. Red balls are the oxygen atoms. Arrows indicate the planes where the iron vacancies are
located.

To study the thermodynamics of oxygen release and adsorption on the maghemite (001) oriented surfaces we
have considered two surfaces terminated with octahedral iron atoms and oxygen atoms, obtained by
truncating the bulk. These surfaces terminations have been shown in magnetite to be more stable than the
surfaces terminated in tetrahedral iron atoms '°, thus, because of the structural similarity between the two
phases, we assume that this is also true for maghemite. Of the two considered surfaces, one, termed A, has
the iron vacancies on the outermost plane, while the other, termed B, has the iron vacancies located in the
third plane below the outermost plane. We have also considered an additional surface reconstruction related
to a new stable reconstruction of the (001) magnetite surface, found recently in a joint experimental and
theoretical work 20,

We have investigated the reduction and oxidation properties of these surfaces in order to understand the role
of the iron vacancies, and analyzed the corresponding changes in the electronic properties and related charge
transfers. We have compared the results obtained for the maghemite surfaces with those of analogous

calculations performed for the corresponding (001) surfaces of magnetite where the iron vacancies are
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absent. These are the first calculations for maghemite surfaces which take account explicitly of the iron

vacancies beyond a mean-field approximation treatment?! 22,

I1. Method

I1.1 Computational Details

Calculations based on the density functional theory (DFT) have been carried out using the Quantum
Espresso Package 2* 24. We have used ultrasoft pseudopotentials to describe the interaction between the iron
and oxygen ions and the valence electrons, and the approach of Perdew, Burke, and Ernzerhof (PBE) 2 for
the exchange-correlation functional. We used a 4 x 4 x 1 Monkhorst - Pack (MP) grid of k-points to
integrate the electronic charge 2%. The energy cutoffs for the wavefunction and charge density expansions
were set to 40 Ry and 420 Ry, respectively. The calculations were spin polarized.

To describe the electronic properties of the localized electron states in iron oxides we have used the Hubbard
correction (DFT+U) using the implementation of Cococcioni et al. 2. The U value for the iron atoms was set
to 4 eV, a value which allows us to reproduce the experimental bulk properties.

We have calculated the maghemite bulk lattice parameters obtaining a = 8.42 A, and ¢ = 25.19 A . The
calculated magnetic moment per unit cell is 2.5 pp. These values are in agreement with those calculated by
Crespo et al. !> and with the experiments '7 16 2° | In order to estimate the charge transfers caused by the
creation of oxygen vacancies, or by the addition of oxygen atoms to the surfaces, we have calculated the
Bader charges *° on the atoms in the different structural configurations. To investigate the occupation of the
orbitals we have used the Lowdin charge 3! 32 .

The surfaces have been modeled through periodically arranged symmetric slabs separated by 21 A of
vacuum, sufficient to make negligible the couplings between the periodic replicas. The x,y dimensions of the
unit cell were kept fixed to the optimized bulk parameter. The atomic positions in the slabs were optimized
using the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) as implemented in the PW.x code until the
forces were less than 0.01 eV/ A. The atoms of the central plane were kept fixed to their bulk positions. The

total energy criterion for the structural optimization was set to 10 eV.
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To model the bulk-truncated surfaces we have extracted portions of bulk (which by itself contains 160 atoms
per unit cell). We have considered a sequence of (001) bulk planes stacked, starting from a given central
plane, in the same way towards the two surface planes, as shown in Fig. 2. The atom arrangement in the
upper and the lower half parts of the slab are the same less an in-plane rotation. In Fig. 2a we show the side
views of the slabs corresponding to the two different surface terminations termed A and B. The slabs are
formed by 11 and 13 atomic layers, respectively. The planes are labeled O, Ov, and T to indicate octahedral
Fe cation and oxygen planes without iron vacancies (O), similar planes but containing iron vacancies on the
octahedral sites (Ov), and planes of tetrahedral iron cations (T).

The top views of the surfaces are shown in Fig. 2b. They are both terminated with planes containing
octahedral iron cations and oxygen atoms, but, in the A slabs, the iron vacancies (black circles) are in the
outermost plane Ov, whereas in the B slabs the iron vacancies (blue circles) are in the third atomic layer
below the outermost atomic plane. Both surface terminations are not stoichiometric: indeed the ratio between
the number of iron and oxygen atoms is different from the value 2/3 of the maghemite bulk. In the A slab the
ratio is 5/8, which is Fe-poorer than the bulk, whereas in the B slab the ratio is 3/4 which is more Fe-richer
than the bulk, and it is the same stoichiometry of the magnetite bulk.

The main effect of structural relaxation on the bulk-truncated surfaces is to decrease the octahedral iron and
oxygen bond lengths, and to increase the tetrahedral iron and oxygen bond lengths. This leads to a
considerable decrease in the total energy.

We have performed calculations for slabs of different thicknesses constructed following the same
prescription and supporting the same terminations on the two sides, and found that the convergence of the
calculated surface energies with the slab thickness was better than 0.01 eV/A2.

To study the surface reduction we have calculated the oxygen vacancy formation energies as:

Eform:%[Eslab( —20) + Eo, — Esia), (1)
where Eg1q,( —20) is the energy of the slab with two oxygen vacancies where we have removed one oxygen
atom from the top and one from the bottom planes to maintain unchanged the symmetry of the slab, Eg, is
the energy of the oxygen molecule, and E g4), is the energy of the unreduced surface.

To study the oxidation of the surfaces and determine the most favorable positions for oxygen adsorption, we

have calculated the potential energy surfaces (PES) for the oxygen adatom by relaxing the z coordinate of the

6
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adatom together with the surface atoms, and keeping fixed the x and y coordinates of the adatom. The x and y
coordinates belonged to a grid on the surface having a step of 1.05 A. Once we have individuated the
positions closer to the minima of the energy, we have completed the relaxation releasing further the oxygen
atom in the proximity of those positions, thus finding the precise adsorption site and energy.

In correspondence of the adsorption site we have calculated the adsorption energy as:

1
Equs = E[Eslab( +20) - E02 - Eslab]a (2)
where Egqp( +20) is the energy of the slab with two oxygen atoms adsorbed, one on the top plane and the
other one on the bottom plane of the slabs at corresponding positions. Eg,is the energy of the oxygen

molecule, and E gy, is the energy of the pristine surface.

Fig. 2 a) Side view of the slabs used to model the A and B surfaces; b) top view of the (2x2) unit cells of the
A and B surfaces. Dark and gray balls are the octahedral and tetrahedral iron atoms, respectively. Red balls
are the oxygen atoms. Black and blue circles indicate the sites of the octahedral iron vacancies on the
surface (case A), and on the third layer below the outermost plane (case B), respectively. The numbers label
the atoms on the outermost layer as explained in the text.
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I1.2 Calculation of the surface energies

Following the work of Reuter et al. 33 34, we have calculated the surface energies as functions of the oxygen
chemical potential using a thermodynamic formalism combined with the DFT calculations. We summarize
here the main equations in relation to maghemite surfaces. The maghemite surface energy y(7, p) at

temperature 7 and pressure p is defined as:

Y(T'p) = 326N No) — Nrettre(TP) — NotoTp)l, ()

where G(T,p,Nge,No) is the Gibbs free energy per unit area at temperature 7 and pressure p, Ny, and N
are the numbers of iron and oxygen atoms in the system, Up, and Uy are the iron and oxygen chemical
potentials appropriate to the physical situation, and A is the surface area. We have neglected the vibrational
contribution, negligible at not too high temperatures, so we can approximate G (T,p,N reN) with the total
energy of the slab. We have divided by 24 since we have considered symmetric slabs with two equal
surfaces.

To derive the chemical potentials of Fe and O we have considered that the surface is in thermodynamic
equilibrium with both its bulk and with the gaseous environment. Under this assumption the iron and oxygen
chemical potentials are not independent, but they are related by the Gibbs free energy of the maghemite bulk
oxide: GFelb, = 2upe(T,p) +3u0(T.p).

It is conventional to express the surface energies as a function of the oxygen chemical potential, whose

1
values have to satisfy some constraints. Indeed, the possible values of po(T,p) have to obey the inequality 3

1
AH£(0,0) < Aup <0, with Aup = po(T,p) —3E0,. AH£(0,0) is the heat of formation of the bulk maghemite

oxide Fe;0, in the low temperature limit, and Ep, is the energy of the oxygen molecule. The lower boundary

is related to the chemical potential of oxygen bonded to Fe in bulk 01@32153 . The chemical potential of oxygen

on the surface, being less coordinated than in the bulk, tends to be less negative. The higher boundary
reflects a condition of supersaturation of oxygen on the surface which exists only in a gaseous O, phase. In
correspondence of this value of the oxygen chemical potential, the Fe chemical potential corresponds to that

of Fe metal.
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As previously seen the lowest limit of Aug is one third of the heat of formation of the maghemite bulk (AH

K
(0,0)). Our calculated AH#(0,0) is -703.67*1. This value is in good agreement with the result
f mol
. . . Kj
experimentally obtained by Parkinson et al. %%, -711.1 . — .

These considerations apply to the case of zero Kelvin temperature. However, since oxygen is normally in
the gas phase, its properties are more subjected to variations of temperature and pressure. It is therefore
necessary to determine how the oxygen chemical potential depends on temperature 7" and pressure p.

We assume that the O, gas is an ideal gas which acts as a reservoir. We can, consequently, write the

1
dependence of the oxygen chemical potential on the pressure p at temperature T as uo(T,p) = uo(T,p°) + 3

P .
len(ﬁ), where p? is a reference pressure. For the dependence on temperature at the reference pressure p°,

1 1
we can write o(T,p°) as the sum of two terms: po(T,p%) = 7Eo, + EAGOZ(T,pO) 36, The first term is the value

at 7= 0 K, whereas the second is half the difference between the Gibbs free energies of the oxygen molecule
at 0 K and at finite temperature 7. AGOZ(T,pO) is linked to the entropy and enthalpy of the O, gas. The
values for the entropy and the enthalpy of the oxygen gas are tabulated in Ref. 37 for p® = 1 atm. In Fig. S1
we show how the oxygen chemical potential changes as a function of temperature and pressure. Low
temperature and high pressure conditions correspond to high values of the oxygen chemical potential,
whereas high temperature and low pressure conditions correspond to low values of the oxygen chemical
potential.

Thus, each value of Ay in the range indicated above can be made to correspond to a given temperature T

and a given pressure p of the oxygen gas to which the surface is exposed.

I11. Results
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III.1 Reduction and Oxidation of the (001) maghemite and magnetite surfaces

The reduction and oxidation properties of maghemite and magnetite surfaces are crucial for estimating their
catalytic potential. Consequently, in this section we have investigated the energy required to remove and to

add one oxygen atom from/to the surfaces.

We have considered two Fe;04(001) surfaces: the R45(ﬁ X \/7 ) one, which has been considered for many
years as the most stable, and it was suggested on the basis of experiments ° 38 3° and DFT calculations 4°, and

the recent reconstruction observed by Bliem et al. 2°. We have considered this last reconstruction because the

authors 2° have found that this surface is more stable than the R45(ﬁ X \/? ) over a wide range of oxygen
chemical potential values. Following their notation, we term this surface SCV. In Fig. S2 we show the side

(a, b) and top (c, d) views of the two Fe;O, surfaces. Both surfaces are terminated with a plane containing

octahedral iron and oxygen atoms. We model the R45(\E X2 ) surface with slabs having the same
sequence of planes as for the maghemite surfaces, but with all the iron sites occupied, since there are not
iron vacancies in magnetite.

In the SVC surface an additional tetrahedral iron atom is inserted in the second layer while two octahedral
iron atoms are removed from the third layer below the outermost plane.

Due to the stability of the SCV Fe;O4 (001) surface reconstruction, we have considered the same
reconstruction also for the (001) maghemite surface that we term SCMy, . As shown in Fig. 3, there are two
octahedral iron vacancies (blue circles) in the third layer below the surface, and an additional tetrahedral iron

atom above them in the second layer.

10
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Fig. 3 a) Top view of the (2 X 2) unit cell of the SCV) reconstruction of the y-Fe,O; (001) surface; b) side
view of the slab used to model the SVCy; reconstruction of the y-Fe,O; (001) surface. The color code is the
same as in Fig. 2. Blue circles indicate the location of the Fe vacancy in the third layer below the outermost
plane. The numbers label the atoms on the outermost layer as explained in the text.

II1.1.1 Reduction properties of the maghemite surfaces

First, we report the results on the calculations of the formation energies of the oxygen vacancies on the
bulk-truncated A and B maghemite surfaces. We have classified the surface oxygen atoms according to their
oxygen-iron first-neighbor bonds. The Fe-O bonds were considered first-neighbor if the atom distances were
comprised between 1.7 A and 2.1 A. On the surface plane the four Fe atoms are labeled from 1 to 4 (see Fig.

2) and the 8 oxygen atoms are labeled from 5 to 12.

11
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On both A and B surfaces the oxygen atoms labeled as Oy and Oy are bonded to three octahedral iron
atoms (two iron atoms in the same surface layer, and one in the third atomic layer below), while the oxygen
atoms labeled Og and Oy, are bonded to two octahedral and one tetrahedral iron atoms.

The other four oxygen atoms have a different first-neighbor coordination on the two A and B surfaces. In the
case of the A surface, due to the presence of the iron vacancy on the outermost layer, the atoms Os and O,
are only bonded to two octahedral iron atoms (one on the surface layer and one in the third layer). O; and
O, also have only two bonds: one to one octahedral iron atom and the other one to one tetrahedral iron
atom. On the B surface, instead, atom Os is bonded to three octahedral iron atoms, whereas Oy is the only
one with only two bonds to two octahedral irons. Atoms O, and O, have the same bonding configuration as
atoms Og and Oy, but their positions with respect to the iron vacancy in the third layer below is different,
thus, they are not equivalent to atoms Ogand Oy.

Their vacancy formation energies are reported in Table 1. The oxygen atoms that we have indicated in the

Table as equivalent have formation energies for their removal that differ at most of &+ 0.01 eV.

On the magnetite R45(ﬁ X \/7 ) surface reconstruction, due to the absence of iron vacancies, there are
only two kinds of oxygen atoms: atoms bonded only to octahedral iron atoms, and atoms bonded to both
octahedral and tetrahedral iron atoms (see Fig. S2). In the SCV magnetite reconstruction, if we consider
again only the first neighbor atomic environment, we have three kinds of oxygen atoms since two oxygen
(Os and O,) are above the octahedral iron vacancies in the third layer below.

In Table 1 we report the calculated oxygen vacancy formation energies £y, also for the magnetite surfaces.

The oxygen vacancy formation energies calculated for the oxygen atoms bonded only to the octahedral iron

atoms in the R45(\ﬁ X A2 ) FesO,4 (001) surface are in agreement with the value, 1.11 eV, calculated by

Yu. et al. 4.

12
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Table 1 Formation energy Ey,., of oxygen vacancies on the maghemite A, B, B’, and SCV,; surfaces, and on
the R45(ﬁ X \/7 ) and SCV magnetite surfaces. The labels of the oxygen atoms are shown in Figs. 2, 3,
and Fig. S2. The numbering of the oxygen atoms on the B’ surface is the same as for the B surface apart
from the removed oxygen Os. All the formation energies are in eV.

Maghemite Maghemite Maghemite Maghemite Magnetite Magnetite
A B B’ SCVu R45(2 x+2) SCvV

0) Eform O Eform O Eform O Eform O Eform O Eform
5-6 041 5-6 -013 6 253 - - 5-6 1.09 - -
7-12 1.10 - - - - 6-9 0.38 - - 5-10 1.77
811 209 812 1.83 812 222  8-12 1.47 8-12 2.08 8-12 2.32
- - 7-11 250 7-11 242 7-11 1.47 7-12 2.08 7-11  2.32
9-10 042 9-10 0.85 9-10 1.57 5-10 0.47 9-10 1.09 6-9 1.68

We can observe that, in general, it is easier to remove the oxygen atoms bonded only to octahedral iron

atoms, i.e. the atoms indicated as O5-O4-09-O; in the A, B, and R45(\ﬁ X \ﬁ ) surfaces. The energy cost
is, indeed, almost 1 eV less than the energy required to extract the oxygen atoms bonded also to tetrahedral

iron atoms. Also Yu et al. 4 and Mulakaluri et al. ¥ have found that the energy required to create a vacancy

on the R45(ﬁ X /2 ) increases if the oxygen is bonded to tetrahedral iron atoms. The only exception is
provided by the SVCy and SVC reconstructions where the two oxygen atoms above the octahedral iron
vacancies have a lower Ey,,, despite being bonded also to the additional tetrahedral iron. It is, indeed, the
proximity of the Fe vacancies that reduces £, .

We have found that the initial electronic charge rearrangement at the surface with respect to the bulk plays a
key role in determining the reducibility of the surfaces. In Table 2 we show the variation of the electronic

charge of the oxygen atoms at the surfaces compared to the value in the bulks.

Table 2 Variation of the surface oxygen electronic charge in (¢) with respect to the their bulk value on the

studied surfaces.

13
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Maghemite Maghemite Maghemite Maghemite Magnetite Magnetite
A B B SCVu R45(\/§ X\/T) SCV

o e (6] e (6] e o e o e o e
5-6 -0.30 6 -0.30 6 <-0.10 - 5-6 <-0.10 -
7-12 -0.25 - - - - 6-9 -0.11 - - 5-10 <-0.10
8-11 -0.10 8-12 -0.11 8-12 <-0.10 8-12 -0.10 8-12 <-0.10 8-12 <-0.10

- . 7-11 -0.10 7-11 <-0.10 7-11 <-0.10 7-12 <-0.10 7-11 <-0.10
9-10 -0.30 9-10 -0.11 9-10 <-0.10 5-10 -0.18 9-10 <-0.10 6-9 <-0.10

- - 5 -0.27 - - - - -

Comparing Table 1 and 2 we note that it is easier to remove the oxygen atoms whose charge is most
diminished with respect to the bulk value. The presence of the iron vacancies on the outermost layer on the A

surface causes most of the charge loss for the surface oxygens. On the B and SCVy surfaces, instead, only

the oxygen atoms above the iron vacancies, have less charge. On the other hand, on the R45(ﬁ X /2 )
magnetite surface, just because of the lack of Fe vacancies, the variation of the electronic charge is not
significant for all oxygen atoms, and the vacancy formation energy is always larger.

On the SCV Fe;04 (100) reconstruction two octahedral iron vacancies are present in the third layer below,
(see Fig. S2), but still there is not a significant variation of the surface oxygen charges with respect to the
bulk values. In this case we have found that electronic charge has been transferred to the surface oxygen
atoms from the octahedral iron atoms below, which become Fe** from Fe?". Fe?* are present only in
magnetite and not in maghemite. This explains the lower Ej,,, found for SCVy maghemite reconstruction

compared to the SCV magnetite reconstruction for the removal of the corresponding surface oxygen atoms.

14
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Following this rule, it is easier to remove oxygen atoms from the A surface than from the B surface, but there
is an important exception. On the B surface the two less charged oxygen atoms will tend to spontaneously
leave the surface. The creation of the oxygen vacancies is, indeed, thermodynamically favored since their
formation energies are negative. Thus, a more stable reconstruction for the maghemite (001) surface can be
obtained from the bulk-truncated B surface by removing one of these oxygen atoms. We term B’ this new
surface termination.

We also consider the analogously reduced surface structure obtained from the A surface by removing atom
Oy. This surface is less stable at the temperature T = 0K than the bulk-truncated A surface but it is one of
those having the lowest surface energy among the reduced surfaces of the A surface. By analogy with the B’
surface we term this reduced surface A’.

We have also found a correlation between the value of the vacancy formation energy and the change in the
oxidation states of the Fe atoms. The rule is the following: the vacancy formation energy is larger if the
electronic charge left behind by the removed oxygen atoms goes to reduce the iron atoms (see Table S1,
where the symbol asterisk indicates the Fe atoms that have acquired the oxygen charge). If, instead, the
excess charge is acquired by the other less charged oxygen atoms, which become thus closer to the -2
nominative oxygen oxidation state, the creation of the oxygen vacancy is more favored.

On the magnetite surfaces, as shown in Table 2, all the surface oxygen atoms are charged as in the bulk,
where they are already in their favorite -2 oxidation state. Thus, the excess of charge, due to the removal of

the oxygen atom, always leads to the reduction of Fe atoms. Yu et al. 4! have, indeed, found that, following

the creation of the vacancy on the R45(ﬁ X2 ) surface, two iron atoms increase their electronic charge
(+0.39 ¢), changing their oxidation state. For the same surface, we have calculated an increase of 0.40 e (see
Table S1), a value which is in good agreement with theirs.

Since the maghemite B’ surface, which has one less oxygen atom, Os or, equivalently Og, see Fig. 2, is more
stable than the B surface, we have calculated the formation energy of an oxygen vacancy also for this
surface. The results are reported in Table 1. As shown in the table, the creation of the oxygen vacancy on this
surface is more unfavored than on the A and B surfaces. In particular, the oxygen Os, whose vacancy
formation energy is small on the A and B surfaces, becomes harder to remove on the B'surface. It is

interesting to examine the reconstructed B’ surface shown in Fig. 4. Oy, the oxygen partner of the removed
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one, because bonded to the same Fe atoms (blue balls in Fig. 4), moves in a bridge position between the two
iron atoms, shortening the bond to them. This bond shortening is an indication of bond strengthening. Thus,
above the Fe vacancy in the third layer this new structural motif develops on the surface. A similar
reconstruction occurs also on the A’ surface, but in this case, the partner of the removed oxygen is located in
a neighboring position to the surface Fe vacancy, and its shift to the bridge position is not complete, as

shown in Fig. S3.

Fig. 4 Top view of the (2 X 2) unit cell of the B’ surface. Blue circles indicate the Fe vacancy in the third
layer below. The blue balls represent the oxygen atoms partner of the removed oxygens. The color code is
the same as in Fig. 2. The numbers label the atoms on the outermost layer as explained in the text.

The variation of the charge on the iron atoms following the oxygen removal from the B’ surface is reported
in Table S1.

By comparing the vacancy formation energies calculated for the maghemite and magnetite surface
reconstructions, we have found that it is easier, in general, to create one oxygen vacancy on the maghemite
surfaces than on the corresponding magnetite surfaces (bulk-truncated A-B vs R45(\ﬁ X ﬁ ), SCVy vs
SCV, and most stable B’ vs SCV). Thus, the maghemite (001) surfaces tend to be more reducible than the
corresponding magnetite ones. The Fe vacancies and the absence of Fe?" cations play a key role in

increasing the reducibility of the maghemite surfaces.
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II1.1.2 Oxidation properties of the (001) maghemite surfaces

We have calculated the oxidation properties of the maghemite bulk-truncated A and B surfaces, and the
reduced B’ surface. In order to determine the preferential adsorption sites for the oxygen atom, we have
calculated the Potential Energy Surface (PES) for one oxygen atom adsorbed on the surface. The calculated
PES are shown in Fig. 5, where we have reported the positions of the atoms of the first atomic layers. In all
the PES the level 0 corresponds to the lowest calculated adsorption energy, and the dark blue areas indicate
the most favorite adsorption sites.

For the A surface, one adsorption site sees the added oxygen atom bonded to an octahedral iron atom (Fe,),
in the position indicated by the red cross in Fig. 5a. Following the adsorption, the Oy atom breaks its bonds
with Fe; and Fe,, and creates a new bond with the added oxygen atom forming a dimer as shown in Fig. S4a
with an O-O distance of 1.26 A, slightly larger than the O, bond (1.24 A). The adsorption energy, calculated
using Eq. 2, is only 60 meV. Another possible adsorption site is near the iron Fe;, in the position symmetric
to Fe, with respect to Oo. In general, as we see from Fig. 5a, other preferential adsorption sites are closer to
some of the less charged surface oxygen atoms.

In the case of the B surface, the adatom prefers to bind to the octahedral Fe, atom and to a near surface
oxygen as indicated by the red cross in Fig. 5b. Following the adsorption, the surface oxygen moves
upwards, almost at the same height of the adatom, but, differently than for the A surface, both oxygens
remain bonded to their Fe atoms, as shown in Fig. S4b. The O-O distance is now 1.34 A, larger than the O,
bond length. The calculated adsorption energy E,4 is 0.31 eV, larger than the energy required to adsorb the
oxygen on the A surface.

Thus, we see that the adsorption of an oxygen atom on the A and B surfaces leads to the formation of an O -
O bond on the surface.

The situation is different on the stable B’ surface, obtained by the B surface by removing Os. The preferential

adsorption site, indicated by the red cross in Fig. 5c, is near the position of the partner oxygen Oy (blue ball

17

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 18 of 31

in Fig. 5¢). The added oxygen binds to Fe;, Fe,, and to O4 as shown in Fig. S4 c. The adsorption energy is
0.61 eV, significantly larger than the values calculated on the bulk truncated surfaces. To recover the original
B termination, an energy barrier needs to be overcome by the added atom since the oxygen Og needs to be
pushed to the position of the previous removed oxygen.

It is interesting to look at the charge transfer caused by the adsorption and its relation to the adsorption
energy. On the A surface, where most surface oxygens are less charged than on the B surface, one oxygen
atom gains a charge +0.2 e becoming closer to the -2 oxidation state. This charge transfer makes the process
more favorable. On the contrary on the B and B surfaces no oxygen atoms gain electronic charge following

the oxygen adsorption.

We have studied the same adsorption process also on the R45(ﬁ X \ﬁ ) Fe;04 surface. In this case the
added oxygen binds not to oxygen atoms, but to an octahedral iron atom, as shown in Fig. S4d. The
adsorption energy is 0.74 eV, slightly larger than the adsorption energy calculated for the maghemite B’
surface. This behavior is explained by the fact that on the magnetite surface the oxygen atoms are already
closer to the -2 oxidation state, and do not need to acquire extra charge.

Thus, our results show that also oxidation is more favored on the maghemite surfaces than on the magnetite

one.
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0.243 0.229
0.216 e
0.189 0.178
0.162 0.153
0.135 0.127
0.108 0.102
0.081 0.076
0.054 0.051
0.027 gy
0.000 0.000

0.238
0.212
0.185
0.159
0.132
0.106
0.079
0.053
0.026
0.000

Fig. 5 Potential Energy Surfaces (PES) for one oxygen adatom on the maghemite A, B, and B surfaces. The
positions of the atoms of the first four layers are shown. Dark and light gray balls are the octahedral and
tetrahedral iron atoms, respectively. Red balls are the oxygen atoms. The blue ball is the oxygen atom on B’ ,
that defines the new stable maghemite reconstruction. The crosses on the PES indicate the most favorite
adsorption sites. The energy scale is in Ry.

I11.2 Surface Energies

We now correlate the reduction properties of the maghemite and magnetite surfaces with their relative
stability under ambient conditions.

In Fig. 6a we plot the energies y of the studied maghemite surfaces: the bulk-truncated A and B surfaces,
their reduced A’ and B’ surfaces, B"" which is the reduced B’ surface, the SCVy and its reduced SCVy/
reconstructions, as a function of the oxygen chemical potential App. The plot allows us to compare the
relative stability of the surfaces, since they have not the same stoichiometry, at the ambient conditions

(temperature and pressure of the oxygen gas to which the surface is exposed).
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Fig 6 a) Surface Energies y of maghemite surfaces as a function of the oxygen chemical potential Apyg.
Above the plot we have indicated the values of Apg corresponding to a wide range of pressures (in atm) at
the fixed temperature 7 = 600 K. b) Surface Energies y of the pristine and reduced maghemite and
magnetite surfaces as a function of the oxygen chemical potential Apy. Below the plot we have indicated the
values of Aup corresponding to a wide range of pressures (in atm) at the temperature 7= 300 K. A and B
are the bulk-truncated surfaces, A’ and B’ their reduced surfaces, and B is the reduced B’ surface. SCVy' is
the reduced SCVy surface. R45(\ﬁ X \ﬁ) and SCV are two Fe;0, (001) surfaces, and R45(\ﬁ X ﬁ)’
SCV' are their reduced surfaces. The arrows indicate the energy Ay required to pass from a surface to its

reduced one.
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In the figure we have indicated the interval of the oxygen chemical potential values corresponding to a range
of pressure p at a fixed 7= 600 K. Different experimental groups have indeed synthetized maghemite films
1143 at this temperature.

We see that over the range of pressures of interest, the B’ surface is the most stable surface. Also the bulk-
truncated B surface is more stable than the A one, and this is true also for their reduced surfaces A’ and B'.
Thus, the presence of the iron vacancies on the outermost layer tends to destabilize the surface. The reduced
surfaces (A" and B') are more stable than their corresponded bulk-truncated A and B surfaces, so maghemite
surfaces will tend to loose surface oxygen atoms.

The oxidized surfaces are more unstable than the pristine surfaces, and, thus, are not reported in the figure.
The SCVy; reconstruction is more stable than the bulk truncated surfaces over all the indicated range of
oxygen chemical potentials. At 600 K its reduced SCV'y; surface is even more stable, but not as stable as the
B’ surface.

From Fig. 6 it can been seen that the B and SCV surfaces can become stable at given values of the oxygen
chemical potentials. The reduced B" is the most stable surface only at high temperatures, 7> 600 K, and low
pressures, i.e at 7=1000 K, p must be lower than 10~ atm. In contrast, the SCV\, surface is stable only at low
temperatures, for example at 7=300 K, p must be at least 10> atm, whereas at lower temperatures, lower
pressures are permitted.

In Fig. 6b we compare the surface energies of the more stable maghemite B’ and SCV); surfaces with the

magnetite R45(\ﬁ X ~/2) and SCV ones, together with those of their reduced surfaces. Below we show the
range of oxygen chemical potentials corresponding to a range of pressure value p at the temperature 7= 300
K. At this temperature experimental groups * 4 have performed catalytic experiments concerning CO
oxidation * and hydrogen peroxide decomposition . The length of the vertical arrows at p = 1 atm
represents the reducibility of the surfaces at this pressure. For the most stable maghemite and magnetite
surfaces, B' and SVC, the energy required to reduce the surface is less for the maghemite (~18.4 meV/A?)
than for magnetite surface (~28.3 meV/A?). It is interesting to note that at p = 1 atm the reduction energy Ay

is very small for the SCVysurface (~1.5 meV/A?), which has a surface energy slightly larger than B'.
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Our results have shown that the reduction and oxidation reactions are in relation with the stability of the
surfaces. Indeed, the oxygen vacancy formation energies and the adsorption energies tend to be higher on the

most stable maghemite and magnetite surfaces.

I11.3 Electronic properties of the surfaces

To understand the trends in surface stability and reduction properties is instructive to look also at the
electronic properties of the surfaces. We report in Figs. 7 and S5 the atomic projected density of states
(apdos) of the maghemite bulk, of the maghemite bulk-truncated A and B surfaces, and of the most stable B’
surface. The total density of states (dos) and the band structure are shown in Figs. S6 and S7, respectively.
We have also analyzed the variation of the related magnetic moments due to the surface modifications, a
phenomenon which is at the heart of the use of iron-oxide nanoparticles as markers in diagnostic
biomedicine, since iron-oxides are biocompatible materials 4.

In the apdos we distinguish the electronic states of the spin up and spin down channels, and the contributions
due to the surface atoms (indicated with *) and the bulk atoms. We define as bulk atoms the atoms in the
center layer of the slabs that we have used to model the surfaces.

As shown in Figs. 7a S6a, and S7a we see that the maghemite bulk is a semiconductor with different energy
gaps for the spin up and down channels: 1.80 eV and 1.75 eV, respectively, in reasonable agreement with
the experimental value, -2 eV #7. As for most reducible oxides, the top of the valence band is composed of
the oxygen p states, while the bottom of the conduction band is formed by the cation d states. The calculated
magnetic moments of the octahedral and tetrahedral iron atoms of the maghemite bulk are 3.73 up and -3.50
up, respectively, and the magnetic moment of the bulk formula unit is 2.5 up, in agreement with the
experimental measurements 2°. These values are related to the electronic states of the Fe atoms as shown in
the apdos of Fig. 7a. The spin up states of the octahedral and tetrahedral iron atoms are in the valence and

conduction band, respectively; and the opposite is true for the spin down states.
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Fig. 7 Atomic projected density of states (apdos) of: a) maghemite bulk, b) A surface, ¢) B surface, d) and B’
surface. Fe.", Few, and O" are the surface atoms. Fe,y, Fe.yr, and O are the bulk atoms. Continued and
dashed lines are the spin up and down contributions, respectively. The last panel of b), ¢), and d) shows the
apdos of the bulk atoms (middle layer of the slab), and the color code is the same used in a). In panel a)

different scales have been used to increase the visibility.

In the apdos of the bulk-truncated A and B surfaces we notice the appearance of new peaks at the bottom of
the conduction band related to localized states. To these states contribute only surface atoms, so they are
surface states. The A surface is semiconducting with different energy gaps for the spin up and down
components: 0.35 and 1.33 eV, respectively, as shown in Figs. 7b, S6b, and S7b. These energy gaps are both
smaller than those calculated for the bulk due to the presence of the surface states. Contrary to the A surface,
the B surface is not semiconducting. Thus, moving the Fe vacancy from the outermost layer to the third layer
below the outermost one causes the surface electronic structure to change significantly. As shown in Figs.
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7¢,S6¢c, and S7c , the spin up surface states of the Fe atoms and of the surface oxygen atoms touch the Fermi
Energy. For the spin down contribution we have calculated an energy gap of 1.48 eV, also smaller than in the
maghemite bulk.

The magnetic moments of the surface Fe atoms change with respect to the bulk. In particular, on the A
surface, the magnetic moments of the Fe atoms decrease significantly as shown in Table 3. This is due to the
decrease in the occupation of the spin up states of the octahedral iron atoms in the valence band, and to the
simultaneous increase of the occupation of the spin down states which in the bulk were in the conduction
band. Also two oxygen atoms increase slightly their magnetic moments (~0.25 pp): this increase is related
to the loss of the electronic charge of these oxygen atoms with respect to the bulk. This loss concerns the

charge of only one spin channel.

Table 3 Magnetic Moments (¢g) and variation of the spin up (T) and down (!) contributions of the Lowdin

charge with respect to the bulk value for the maghemite surfaces.

Maghemite Maghemite Maghemite
A B B’
U T l Up T l U T l

Fe, 293  -028 +039 329 -020 +0.20 354 -0.03 +0.03

Fe, / / / 331 -0.18 +0.19 355 -0.02 +0.04

Fe; 290 -030 +0.52  3.61 -0.01 0.00 3.54  +0.00 -0.01

Fey 312 -0.21 +0.24  3.62 -0.03 +0.01 3.60 -0.01 0.00

On the B surface only the magnetic moments of two Fe atoms, those that are above the iron vacancy in the
third layer, decrease. The reason is the same as for the A surface. As for the A surface, two oxygen atoms
acquire a small magnetic moment (~0.35 pug) but for a process similar to that of the Fe atoms: charge is

transferred from the spin down channel to the spin up one.
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Now we pass to investigate the electronic properties of the reduced B’ surface. As shown in Fig. 8¢ the main
effect of the oxygen vacancy is the opening of the electronic gaps: 1.51 eV and 1.66 eV, for the spin up and
down gaps, respectively. This is due to the octahedral iron and oxygen states, as shown in Figs. 7d, S6d, and
S7d which are now well below the calculated Fermi Energy. The localized surface states in the conduction
band disappear, and localized surface states formed instead at the top of the valence band. The B’ surface is
semiconducting. The modifications of the band structure from B to B’ are related to the enhanced stability of
the reduced B’ structure. Also for the reduced A’ surface the empty localized surface states (not shown)
disappear, and the surface is still a semiconductor as the A surface but with larger band gaps.

The magnetic moments of the Fe atoms on the B’ surface are not substantially changed with respect to the
bulk, while three oxygen atoms acquired a small magnetic moments (~0.40 up).

The analysis of the electronic structure of the investigated surfaces show that the stable maghemite (001) B’
surface is the one whose electronic states and magnetic moment distribution are more similar to the bulk

onces.
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Conclusions

In this paper we have investigated, using an ab-initio approach based on the density functional theory, the
reduction and oxidation properties of maghemite y-Fe,O; (001) surfaces. The aim of this work has been to
enlighten the role of Fe vacancies on the redox properties of the surfaces. We have considered the Fe
vacancies fully beyond the mean-field approach by constructing the surfaces from the maghemite bulk, for
which we have taken the lowest energy structure proposed by Crespo et al. '2, whose point group was also
found experimentally. We have found that the presence of the Fe vacancies in maghemite increases both the
reducibility and the oxidation efficiency of the surfaces. To reach these conclusions we have compared our
results for the maghemite surfaces with those for the magnetite ones, that have not iron vacancies in the
bulk.

The main effect of the iron vacancies in the proximity of the maghemite surfaces is to decrease the electronic
charge of the surface oxygen atoms, both respect to the bulk and to the magnetite surfaces.

The consequence is that the oxygen atoms become easier to remove from the surface, and also easier to
adsorb on the surface since the adsorbed atom can lend it some charge. The removal of one surface oxygen
from the B surface produces a stable reconstruction which we have termed B’ . We have calculated the
surface stability as a function of temperature and pressure and found that the B’ reconstruction is indeed the
most stable termination for the maghemite (001) surfaces. We have also considered another reconstruction,
termed SVCy, based on the most stable SVC magnetite reconstruction, but we have found that it is slightly
less stable than B'. Another result that we have obtained is the lower stability of maghemite surfaces with Fe
vacancies on the outermost layer. Thus, iron vacancies on the outermost layer tend to destabilize the
surfaces. We have also found that the reducibility of the surfaces is strictly related to their stability: more the
surface is stable less is reducible. We have examined the charge transfers and the modifications in the
electronic structure caused by the reduction of the surfaces.

Our results on the (001) surfaces indicate that maghemite might be a better material than magnetite to use in

catalysts for oxidation reactions.
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surface (Fig. S5), total dos of bulk, A surface, B, and B’ surface (Fig. S6), and band structure of bulk, A
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