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’ INTRODUCTION

Manganese oxides and hydroxides are found in many geolo-
gical settings and occur in the form of more than 30 minerals.1

They participate in a variety of redox and acid/base reactions in
the environment because they form interfacial barriers on soils
and sediments in marine and freshwater environments and on
rock and other mineral surfaces. The ability of manganese oxides
to adsorb and oxidize heavy metal pollutants, such as chromium
and arsenic, has been recognized for decades. Because of their
ubiquity in the environment and their reactivity, these minerals
serve as an important control in regulating the concentrations of
groundwater contaminants. Manganese oxides are also commer-
cially relevant as the cathode material in alkaline batteries2,3 and
have been studied for use in catalytic applications4�6 and water
treatment media.7,8 Their redox behavior indicates that manga-
nese oxides may potentially act as sensors as well.9

Despite the importance of manganese oxides in geochemical
processes and in technological applications, their surface struc-
tures and properties have not been well studied. For example,
recent reports indicate that manganese oxides can oxidize
CrIII to toxic CrVI10�17 and toxic AsIII to AsV.18�22 Although
these studies aimed at understanding the role of manganese
oxides in the oxidation of heavy metals, it remains unclear which
manganese species participate in the process and which

manganese oxide surfaces are relevant for redox chemistry. A
fundamental knowledge of the surface structures and their redox
properties at environmentally relevant conditions is the neces-
sary groundwork to be laid before complex interactions between
heavy metal ions and manganese oxide surfaces can be fully
delineated.

A small number of studies have examined manganese oxide
surfaces. The earliest work demonstrated reduction23 and
oxidation24 of manganese oxide surfaces using X-ray photoelec-
tron spectroscopy (XPS). The surface structures, however, were
not characterized in either study. More recently, Langell et al.25

examined the MnO (100) surface using high-resolution electron
energy loss spectroscopy (EELS) and showed that oxidation of
the surface leads to the formation of Mn2O3 and subsequently
Mn3O4. Intermixture of the oxide species prevented isolation of
pure-phase layers and hence structural determination of the
surface. EELS in scanning transmission electron microscopy
was also used to analyze manganese valence at the surfaces of
natural manganese oxides.26 It was found that the average valence
at the β-MnO2 surface was 4.0, in agreement with the formal
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ABSTRACT: Stoichiometric and defective ter-
minations of the β-MnO2 (110), (100), and
(101) surfaces are investigated as a function of
oxygen partial pressure and temperature using
ab initio thermodynamics. In agreement with
studies on other rutile-type minerals, the (110)
surface is predicted to be the most stable sur-
face, followed by the (100) surface and then the
(101) surface. The (110) and (101) surfaces
are found to oxidize by formation of stable
manganyl groups (MndO) at high oxygen
chemical potentials, whereas the (100) surface
is not likely to be oxidized under experimen-
tally relevant conditions. All of the β-MnO2 surfaces studied undergo reduction processes in UHV, resulting in many complicated
structural changes. A number of the reduced surfaces exhibit new surface reconstructions not yet observed for any rutile-type
mineral. Analysis of the dependence of manganese coordination geometry on oxidation state is carried out to facilitate
understanding of the surface reconstructions. It is determined that the competition between optimizing d-orbital occupation
and minimizing steric and repulsive electrostatic interactions drives the surface reconstructions observed for reduced β-MnO2

surfaces. Symmetry-breaking at the surface allows for Jahn�Teller distortion of the reduced MnIII coordination sphere for some
surface reconstructions.
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valence. A few studies have investigated thin films of β-MnO2, a
rutile-type mineral also known as pyrolusite, grown on other
oxide surfaces. Chambers and Liang27 used low-energy electron
diffraction and reflection high-energy electron diffraction
(RHEED) to demonstrate that up to six bilayers of β-MnO2

can be grown epitaxially on the rutile TiO2 (110) surface.
A second phase was introduced into thicker films as the structural
effect of the TiO2 substrate diminished, making it difficult to
fabricate well-characterized surfaces. β-MnO2 films were also
grown epitaxially on LaAlO3 and MgO (001) surfaces as
determined with RHEED and had some oxygen deficiencies
indicated by XPS.28 The molecular-level surface structure was
not discussed.

Recently, a few computational studies have investigated
manganese oxide surfaces on a molecular level. Using the
generalized gradient approximation (GGA) to the exchange-
correlation functional in density functional theory (DFT) and ab
initio thermodynamics, Franchini et al.29 explored various re-
constructions of the MnO (111) surface and predicted their
relative thermodynamic stabilities at different oxygen chemical
potentials. The stabilization of the polar surface was explained in
terms of structural and electronic changes in the outermost layers
of the surface. GGA calculations, semiempirical electronic-struc-
ture methods, and molecular dynamics were applied to study
the interaction between water and the (010) surface of
γ-MnOOH.30 This work predicted physisorption of water on
the surface with no ordering. Ngoepe and co-workers31 used
atomistic simulations based on rigid-ion interatomic potentials to
characterize low index surfaces of β-MnO2 and ramsdellite,
another MnO2 polymorph.

Given the large number of possible manganese oxide surfaces
and the lack of detailed structural analyses on them, very little of
the surface structure is known at an atomic level. Because surface
structure and composition are intimately related to the reactivity
of mineral surfaces,32 understanding surface reconstructions and
manganese redox behavior at oxide surfaces would aid the
development of accurate geochemical models and more efficient
manganese oxide batteries and catalysts. DFT offers an effective
means to investigate surface structures and properties. It has
successfully been applied to calculate surface structures and
energies and to explain experimentally observed surface recon-
structions.33�39 In this work, the (110), (100), and (101)
surfaces of β-MnO2 are examined using periodic DFT calcula-
tions. This polymorph of MnO2 is the most stable and is
commonly found in natural deposits throughout the world. It
is also a major component in batteries. β-MnO2 has a rutile-type
structure constructed from single chains of edge-sharingMnIVO6

octahedra running along the [001] direction and linked by shared
corners. β-MnO2 falls in the P42/mnm space group with a =
4.4041 Å and c = 2.8765 Å.40 Although a previous computational
study described stoichiometric surfaces of β-MnO2,

31 it treated
the manganese and oxygen atoms with rigid-ion interatomic
potentials and could not address redox behavior and its structural
consequences. The electronic structure of the manganese atoms
is expected to affect the surface reconstructions, and the manga-
nese and oxygen atoms can be expected to experience covalent
interactions. An electronic structure method, such as DFT, must
be used to successfully model these factors influencing structure,
particularly with respect to defects, multiple oxidation states, and
reconstructions that are outside the range of parameterization
feasible for empirical pair potentials. This work also considers
oxidized and reduced β-MnO2 surfaces in an effort to understand

the redox behavior of stable surface cleavages. New surface
reconstructions that differ markedly from known surface recon-
structions of other rutile-type minerals are discussed. The
relationship between manganese d-orbital occupation and co-
ordination geometry is an important driver in these new surface
reconstructions.

’METHODS

1. Density Functional Theory Calculations. Periodic DFT
calculations were performed with GGA as formulated by Perdew,
Burke, and Ernzerhof (PBE).41 A double-numeric-plus-polariza-
tion, atom-centered basis set was used in the calculations, which
were carried out with the DMol3 software.42�44 For bulk lattice
optimizations, energies were well converged with (4 � 4 � 7) k
points in a Monkhorst�Pack grid45 and a 4.5 Å real-space cutoff.
Although β-MnO2 has been shown to exhibit an antiferromag-
netic helical spin arrangement,46,47 an idealized collinear arrange-
ment was modeled in this study, as has been done in previous
studies.2,48,49 Lattice constant optimization was performed for
the antiferromagnetic (AFM), ferromagnetic (FM), and non-
magnetic (NM) states of β-MnO2. The AFM state is found
to be the ground state, in agreement with experimental
results.46,47 It lies 97 and 648 meV per formula unit lower in
energy than the FM and NM states, respectively. The opti-
mized bulk lattice constants of 4.4569 Å (+1.2%) and 2.8823 Å
(+0.2%) for the AFM state are in excellent agreement with
experimental values (percent error shown in parentheses)40

and similar to results from other GGA studies.48,49 The Mulliken
and Hirshfeld local spin magnetic moments on the manganese
atoms are 2.59 μB and 2.40 μB, respectively, and are higher than
the long-range ordering magnetic moment of 2.34 μB deter-
mined experimentally at 13 K, in agreement with a previous GGA
study.49

Although the band gap of β-MnO2 has been determined to be
1.0 eV,50 the DFT self-interaction error leads to an inability to
open the band gap, and metallic behavior is predicted by the PBE
functional with 0.17 states/eV at the Fermi level. Hence, a
more in-depth discussion of functionals is warranted. Hybrid
functionals and the DFT+U approach51 have been used to
open band gaps in calculations on some materials, but only
hybrid functionals did so for β-MnO2.

49 Hybrid functionals,
however, tend to favor oxygen-poor compounds, leading to
incorrect trends in calculated relative formation energies for
various manganese oxides49 and endothermic oxygen inser-
tion energies in bulk UO2,

52 which is known to prefer
hyperstoichiometry and readily forms UO2.25 (DFT+U also
has the same problem).49,53 GGA, in contrast, has successfully
modeled the energetics of these systems. Given these results
and the lack of validation of these methods in predicting stable
reconstructions, it is unclear whether hybrid functionals and
DFT+U are reliable methods for calculating surface energies
and chemical potentials. In our experience, we have found
better agreement with experimental temperature and pressure
thresholds for surface oxidation and reduction reactions for
metal oxides when the Hubbard U correction was not
included.54�56 It has been shown, for example, that while
GGA predicted an oxygen chemical potential for transition to
a ferryl-terminated R-Fe2O3 (0001) surface in quantitative
agreement with experiments,56 the DFT+U approach calcu-
lated the structural transition to occur at an unphysically high
oxygen chemical potential.55 Therefore, for the purposes of
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this work when our focus is on surface structure and redox
reactions rather than on optical properties or conductivity, we
do not include the Hubbard U parameter in our DFT calcula-
tions, nor do we use hybrid functionals.
Calculations on the (110), (100), and (101) surfaces were

performed on periodic slabs starting with the AFM state. A total
vacuum space of at least 10 Å was used between slabs and was
verified to be large enough to avoid interactions between slabs;
surface energies differed by less than 0.1 meV/Å2 when the total
vacuum space was increased to 30 Å. The real-space cutoff was
reduced to 3.5 Å for the surface calculations to improve
computational efficiency, which introduced no more than a
2 meV/Å2 variation in the surface energies when compared with
the converged 5.0 Å cutoff. Converged (7� 4� 1), (1� 4� 7),
and (4� 4� 1)Monkhorst�Pack grids were used for the (110),
(100), and (101) surfaces, respectively. Some ordered oxygen
vacancies were modeled with (1� 2), (2� 1), or (2� 2) surface
cells. For these calculations, the number of k points along the
direction of two unit cell lengths was reduced from four to two or
from seven to four. The surfaces were related by inversion
symmetry, and a force tolerance of 0.01 eV/Åwas employed during
optimization of all atoms in the slab. For the (110) surface,
convergence of the surface energies and of the middle of the slab
to bulk-like geometries was achieved with five metal layers. The
(100) and (101) surfaces required seven metal layers. Frequency
calculations were performed in DMol3 using a frozen phonon
method57 with atom displacements of (0.01 ao in each direction.
The oxidation state of surface manganese atoms was estab-

lished using Mulliken and Hirshfeld charges and spins. Although
charge partitioning by theMulliken andHirshfeld methods is not
exact and provides relative oxidation states at best, the spin
moments are particularly useful because they reveal the number
of unpaired d electrons on the manganese atoms. To facilitate
chemical understanding of the surface reconstructions, a series of
molecular complexes analogous to surface coordination geome-
tries observed in the periodic slab were constructed. By assigning
formal oxidation states to the constructed Mn(H2O)xmolecular
complexes and calculating the Mulliken and Hirshfeld populations,

the spins on the surface manganese in the slabs were calibrated (see
Figure 1 for an illustration of the calibration procedure; details are
discussed later in context of the specific surface).
2. Ab Initio Thermodynamics. Ab initio thermodynamics

provides a framework for comparing surface free energies of
surfaces with varying stoichiometries under different temperature
and pressure regimes, linking ab initio calculations to environmen-
tally relevant conditions. It has been applied to understand surface
reconstructions and redox behavior of a variety of metal oxide
surfaces.33�35,37,39,58�65 A thorough treatment of the theory is
provided by Reuter and Scheffler.34 Here, the details are summar-
ized in the context of the β-MnO2 surfaces.
For a slab with two equivalent surfaces in contact with a gas

reservoir, the surface free energy γ(T, p) is defined as

γðT, pÞ ¼ 1
2A

Gslab T, p,Ni
� �� ∑

i
NiμiðT, pÞ

( )
ð1Þ

where A is the surface area, Gslab is the Gibbs free energy of the
slab, Ni is the number of type i atoms, and μi is the chemical
potential of type i atoms. The Gibbs free energy of the slab is
obtained from the DFT calculations. At pressures below 101 bar,
the Gibbs free energy is approximately equal to the Helmholtz
free energy.34 The Helmholtz free energy at 0 K is equal to the
internal energy, which is the DFT total energy of the slab,
neglecting the zero point energy. The vibrational energy
(including the zero point energy) and entropy contributions to
the Gibbs free energy at different temperatures are calculated
using the vibrational partition function and the fundamental
relationships of statistical thermodynamics, giving

ΔGvib ¼ kB∑
i
Θυi

1
2
þ 1

eΘυi=T � 1

� �

� kBT∑
i

Θυi=T

eΘυi=T � 1
� lnð1� eΘυi=TÞ

� �
ð2Þ

where kB is the Boltzmann constant, the summation is over all

Figure 1. Illustration ofMn(H2O)xmolecular complexes used to calibrateMulliken andHirshfeld charge populations and to calculate d-orbital energies
for the β-MnO2 (110) Os-half surface. Manganese and oxygen atoms are fixed at positions observed in the optimized slab. Hydrogen atom positions are
optimized. The Mulliken and Hirshfeld spins calculated for the Mn5 and Mn6 molecular complexes in the 3+ and 4+ oxidation states are shown along
with those calculated for Mn5 and Mn6 in the slab. The first value is the Mulliken spin, and the second value is the Hirshfeld spin. The slabs are viewed
along the [001] direction. (O, red/dark sphere; Mn, purple/light sphere; H, white sphere).
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vibrational frequencies υi, and Θ = hυi/kB. Here, h is Planck’s
constant.
For the β-MnO2 system, μMn and μO enter into eq 1.

Assuming the bulk material acts as a thermal reservoir and the
surface, gas reservoir, and bulk oxide are in chemical equilibrium,
μMn and μO are related to the Gibbs free energy of the
components in the system:

μMn þ 2μO ¼ Gbulk
MnO2

ð3Þ

μO ¼ 1
2
Ggas
O2

ð4Þ

where GMnO2

bulk and GO2

gas are the Gibbs free energies of the bulk
oxide per formula unit and of an O2 molecule, respectively. The
independent variable in this system is μO. As discussed else-
where,34 physical constraints on μO lead to limits on the range of
accessible μO values. The maximum allowable μO occurs when gas-
phase oxygen condenses on the surface and is computed using eq 4.
In oxygen-poor conditions, μO reaches a minimum when MnO2

separates into bulk manganese metal and gas-phase oxygen:

μO,min ¼ 1
2

Gbulk
MnO2

� Gbulk
Mn

� 	
ð5Þ

whereGMn
bulk is the Gibbs free energy of bulk manganese metal per

atom. Rescaling μO,max to zero gives the following range of
accessible μO values:

1
2
ΔGf , MnO2 < μO � 1

2
Ggas
O2

< 0 ð6Þ

where ΔGf,MnO2
is the Gibbs free energy of formation of the

oxide. At 0 K, the DFT total energies of O2 and of the bulk oxide
and bulk metal are used to calculate μO,max and μO,min, respec-
tively. The DFT total energy of manganese metal was calculated
for collinear AFM R-Mn using GGA optimized lattice constants
from the literature66 and a 4 � 4 � 4 Monkhorst�Pack45 grid.
Although AFM R-Mn exhibits a complex, noncollinear spin
arrangement, it has been shown by Hobbs and co-workers66 that
collinear and noncollinear arrangements are essentially degen-
erate at the optimized lattice constants.
For the MnO2 system, eq 1 can be rewritten as

γðT, pÞ ¼ 1
2A

Eslab, 0K þ ΔGvib �NMn G
bulk
MnO2

ðT, pÞ
n

þ 2NMn �NOð ÞμOðT, pÞ
o

ð7Þ

The enthalpic and entropic contributions to GMnO2

bulk at different
temperatures are calculated using eq 2, since the relevant
experimental data are not available. The temperature depen-
dence of μO is determined using the NIST-JANAF tables67 for
gas-phaseO2 at standard pressure, and μO at different pressures is
calculated using

μOðT, pÞ ¼ μOðT, poÞ þ 1
2
kT ln

p
po

 !
ð8Þ

It is essential to assess the errors associated with the metho-
dology employed in these calculations. As discussed previously,
the calculated bulk properties of β-MnO2 have been found to be

in good agreement with experimental data. There exist no data
on the surface properties as far as we have determined with which
to compare the calculations. Yet, cancellation of errors in DFT
energies can be evaluated by calculatingΔGf for the bulk oxide at
0 K. BecauseΔGf is equal to the enthalpy of formationΔHf at 0 K
and few thermochemical data exist for MnO2, the experimental
value of ΔHf at 0 K was determined to be �5.34 eV67�69 using

ΔHo
f , MnO2

ð298:15 KÞ �ΔHo
f , MnO2

ð0 KÞ ¼ Ho
MnO2

ð298:15 KÞ
n

�Ho
MnO2

ð0 KÞ
o
� Ho

Mnð298:15 KÞ �Ho
Mnð0 KÞg



� fHo

O2
ð298:15 KÞ �Ho

O2
ð0 KÞ

o
ð9Þ

where HMnO2

o , HMn
o , and HO2

o are the enthalpies of bulk MnO2,
R-Mn, and gaseous O2, respectively. The calculated value ofΔHf

underestimates the experimental value by 6.7%. The error results
from uncertainties in the O2, MnO2, and R-Mn DFT energies.
Modeling the O2molecule is problematic for DFT because of the
short bond length and triplet ground state. In this work, the PBE
error in the O2 atomization energy is 0.90 eV per O2 molecule
when using the same basis set and cutoff radius as used for the
periodic DFT calculations. This value is similar to those found in
other DFT studies.39,41 To correct for this error, 0.90 eV was
added to the DFT total energy of the O2 molecule, as has been
done in previous work.39,58 The use of an O2 energy correction
here leads to an overestimation of ΔHf by 10.2%, indicating that
the errors in the MnO2 and R-Mn energies cancel some of the
error in theO2 energy. However, as noted by Franchini et al.,

49 an
O2 energy correction generally improves agreement between
calculated and experimental formation energies of manganese
oxides. For our purposes, the uncertainty in the R-Mn calcula-
tions likely due to the use of a collinear spin arrangement in place
of the complex noncollinear spin arrangement affects only the
oxygen-poor region of μO. Although the error in formation
enthalpy is higher when the O2 correction is employed in our
calculations, its use allows us to anchor the upper limit of μO to
the experimental O2 atomization energy and therefore provides
more accurate energies in the upper range of μO, which is the
environmentally relevant range.

’RESULTS

1. (110) Surface.Of the three β-MnO2 surfaces studied here,
the (110) surface is the most stable, in agreement with GGA
investigations of other rutile-type surfaces.35,38,70 The stoichio-
metric surface shown in Figure 2a consists of two types of
manganese: one 5-fold coordinated (Mn5) and one 6-fold
coordinated (Mn6). Mn6 atoms form rows along the [001]
direction connected by bridging oxygen atoms (Obr). In the same
plane as Mn5 and Mn6 are 3-fold coordinated surface oxygen
atoms (Os). On the stoichiometric surface, Mn5 and Mn6 have
Mulliken spins of 2.70 and �2.52, respectively. These spins are
comparable to the Mulliken spin of 2.59 onMnIV in the bulk and
are therefore consistent with high-spin MnIV at the surface. The
calculated vertical layer spacings d and lateral relaxations are
listed in Tables 1 and 2, respectively (see Figure 2b for a
depiction of the layer sequence). Both Obr and Mn5 experience
modest inward relaxations of�8% to�9%, whereas Os andMn6
relax out of the surface by +12% and +7%, respectively, relative to
the bulk. Although the direction of relaxation of the manganese
atoms agrees with a previous study using interatomic potentials,31
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the inward relaxation of Obr does not. This discrepancy may be
due to the use of rigid-ion potentials in the previous study that do
not account for the electronic structure of the oxide material.
Most atoms undergo small lateral relaxations along the [110]
direction (Table 2), with Os atoms moving away from Mn6
(Table 2). These calculated relaxations are predictive because of
the lack of experimental data for β-MnO2 surfaces. Comparison
with other rutile-type systems demonstrate that the vertical
relaxations for the first two layers are reasonably consistent with
experiments71,72 and other GGA36,63,73�75 and LDA76 studies of
TiO2 and SnO2. Although the reported Obr relaxations are
inconsistent between these studies, it is generally thought that
Obr experiences inward relaxation,77 in agreement with the
observed relaxation of Obr here. Only the Os atoms relax along
the [110] direction in the studies on other rutile-type metal
oxides.

A. Ab Initio Thermodynamics. Fourteen (110) surface termi-
nations with additional oxygen atoms or oxygen and manganese
vacancies were investigated to determine their stabilities as a
function of oxygen chemical potential (μO). The most interesting
lowest energy surfaces are shown in Figure 2. The surface energies
γ at 0 K are plotted as a function of μO in Figure 3 for the
stoichiometric surface and eight stable surfaces, which are desig-
nated as follows. The manganyl surface has one additional oxygen
atom per unit surface cell that completes the coordination sphere
of Mn5, forming a manganyl (MndO) group on the surface
(Figure 2c). Surfaces with varying concentrations of Obr vacancies
are denotedObr-quarter for oneObr vacancy in a 2� 2 surface cell,
Obr-half(a) for the surface with every other Obr atom removed,
Obr-half(b) for the surface with every other row of Obr atoms
removed, and Obr-all for the surface with no Obr atoms
(Figure 2d). The other stable surfaces are Os-half with every other

Figure 2. (a) β-MnO2 (110) stoichiometric surface showing surface atom types. Stable (110) surface terminations viewed along the [001] direction:
(b) stoichiometric showing layer stacking sequence; (c) manganyl; (d) Obr-all; (e) Os-half; (f) Os-all; (g) Os-half/Obr-all (O, red/dark sphere; Mn,
purple/light sphere).
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row of Os atoms removed (Figure 2e), Os-all with all Os atoms
removed (Figure 2f), and Os-half/Obr-all with every other row of
Os atoms and all Obr atoms removed from the surface (Figure 2g).
Surfaces with other Os vacancies were also studied, but none of
them are stable within the range of accessible μO.
The stoichiometric surface is the most stable at thermody-

namic equilibrium over a large portion of the range of μO values
with γ = 52.1 meV/Å2 (Figure 3). This result is consistent with
the experimental determination of an average manganese valence
of 4.0 at the surface of β-MnO2,

26 which is not observed for the
oxidized and reduced surfaces (see discussion below). Above a
μO value of�0.17 eV, oxygen can be added to the surface to form
an as yet unreportedmanganyl (MndO) group, as demonstrated
by the stability of the manganyl surface in this regime. The μO
value at the crossover between the stoichiometric and manganyl

surfaces corresponds to an ambient oxygen partial pressure pO2
of

0.2 bar and a temperature of 193 K, and higher pressures and
lower temperatures (more oxidizing conditions) should lead to
formation of the manganyl surface reconstruction. As μO de-
creases below�1.81 eV (at UHV conditions of pO2

= 10�10 bar,
T = 876 K), Obr vacancies are formed on the surface, with
Obr-quarter becoming more stable than the stoichiometric sur-
face. The Obr-half(a) and Obr-half(b) surfaces differ in γ by only
1.9 meV/Å2 and are the most stable surfaces between�1.99 and
�2.37 eV. This range of μO values translates to a temperature
range of 960�1140 K at a pO2

of 10�10 bar. Then the Obr-all
surface becomes lowest in γ over a small range of μO (0.16 eV).
This surface is essentially degenerate with Os-half with only a
0.40 meV/Å2 separation in γ. Below a μO of�2.53 eV (1210 K at
10�10 bar), the fully reduced Os-all and Os-half/Obr-all surfaces
are most stable. The Os-all surface is 1.6 meV/Å2 higher in γ than
Os-half/Obr-all.
Interestingly, enthalpic and entropic contributions to γ at

finite temperatures lead to a different ordering of the most stable
surfaces. At 298.15 K, these contributions lower γ by 16 meV/Å2

to 23 meV/Å2, and they become significantly larger at higher
temperatures (e.g., �73 meV/Å2 to �95 meV/Å2 at 600 K).
These results illustrate the importance of considering entropic
contributions to metal oxide surfaces, even in the absence of
hydroxylated species. For example, reduction of the surface is
predicted to proceed via Obr-half(b), Obr-all, and Os-half/Obr-all
at finite temperature, and Obr-quarter and Obr-half(a) are no
longer predicted to be observed. Generally, inclusion of the
entropic contributions to γ shifts the oxidation temperature to a
lower value at a given pO2

, and reduction temperatures are shifted
to higher values than those specified by μO alone. Detailed
discussion of the oxidation and reduction temperature thresholds
at ambient and UHV pO2

(0.2 bar and 10�10 bar, respectively) is
given in the Supporting Information. Here, we point out that the
temperature at which reduction begins (forming Obr-half(b)) is
predicted to be 1030 K under UHV conditions. This calculated
decomposition temperature is higher than the known decom-
position temperature of MnO2 of 808 K69 because decomposi-
tion probably begins at lower oxygen vacancy concentrations
than studied here. The results presented here provide an upper
limit for the decomposition temperature when a significant

Figure 3. Surface free energies of various surface terminations of the
β-MnO2 (110) surface as determined by ab initio thermodynamics as a
function of μO at 0 K. The vertical black lines bracket the range of
accessible μO values as defined in the text.

Table 2. Calculated Lateral Relaxations (Å) with Respect to
Theoretical Bulk Positions for Selected Stable Surface
Terminations of the β-MnO2 (110) Surface

a

stoichiometric Os-half Os-all Os-half/Obr-all

layers [110] [110] [110] [110]

1 +0.01 �1.51 �1.24

2 Mn5 +0.01 �0.23 +0.04 +1.44

Mn6 +0.01 �0.51 +0.05 +1.70

Os �0.02, +0.03 +1.69

+0.05

3 +0.01 +0.33 +1.33 +0.18

4 0 +0.06 0 �0.05

5 Mn5 +0.01 +0.12 �0.01 +0.08

Mn6 +0.01 +0.15 �0.01 +0.03

Os 0, +0.14 (0.02 +0.05

+0.02 (+0.13) (+0.03)

6 +0.01 +0.20 �0.01 +0.08

7 0 �0.06 +0.01 0
aNumbers in parentheses are for atoms below the Os vacancy at the
surface.

Table 1. Calculated Vertical Layer Spacings, d (Å), and
Percent Relaxations with Respect to Theoretical Bulk
Spacings for Selected Stable Surface Terminations of
the β-MnO2 (110) Surface

a

stoichiometric Os-half Os-all Os-half/Obr-all

layers d % Δ d % Δ d % Δ d % Δ

1�2 1.130 �8 0.816 �34 0.085 �93

2�3 Mn5 1.121 �9 1.234 0 �0.586 �148 0.540 �56

Mn6 1.315 +7 0.921 �25 �0.116 �109 0.092 �93

Os 1.378 +12 1.796 +46 1.243 +1

3�4 0.669 �3 0.607 �12 2.452 +257 0.956 +39

4�5 1.274 +3 1.294 +5 1.248 +1 1.354 +10

5�6 Mn5 1.199 �3 1.210 �2 1.253 +2 1.183 �4

Mn6 1.269 +3 1.195 �3 1.120 �9 1.297 +5

Os 1.235 0 1.103 �11 1.430 +16 1.397 +13

(1.404) (+14) (1.471) (+19)
aNumbers in parentheses are for atoms below the Os vacancy at the
surface.
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fraction of oxygen atoms are simultaneously removed from the
surface. Because the decomposition temperature depends on
kinetic factors, which are not included in our model, and the
decompositionmechanism is unknown, comparison between the
calculated and experimental decomposition temperatures should
be made with caution.
B. Oxidized and Reduced Surface Reconstructions. Prior to

this study, it was unclear which surface structures may exist under
different temperature and pressure regimes and what redox
behavior the surface may exhibit in response to variations in μO.
By examining a number of oxidized and reduced surfaces, it was
found that the β-MnO2 (110) stoichiometric surface is the only
relevant surface at conditions typical in most experimental
settings. Yet, the surface reconstructions studied in this work
may provide insight into the role ofmanganese at the atomic level
in redox reactions important in the environment and in techno-
logical applications. For example, sensors are often employed at
high temperatures where redox chemistry occurs. Although we
have investigated only oxygen partial pressure and temperature
dependence, other reducing conditions are possible as well, such
as the presence of heavy metal ions or organic matter that can
stimulate redox chemistry. Here, we discuss the interesting
relationship between manganese oxidation state, coordination
geometry, and d-orbital energy exhibited by the (110) surface,
which is an important driver in the surface reconstructions and
has implications for the redox behavior of manganese.
Oxidation of the surface occurs by addition of oxygen to

complete the coordination sphere of Mn5 under oxygen-rich,
low-temperature conditions (above μO = �0.17, corresponding
to a temperature of 193 K at pO2

= 0.2 bar). As shown in
Figure 2c, the additional oxygen atoms pull Mn5 atoms out of the
surface, and manganyl groups (MndO) form at the manganyl
surface. These structural transformations lead to an increase in
the Mn5-layer 4 oxygen bond length from 1.92 Å in the bulk to
2.40 Å and to an O�Mn5 bond distance of 1.55 Å at the surface.
The short O�Mn5 bond length is comparable to the 1.59 Å
FedO bond length calculated for the ferryl-terminated R-Fe2O3

(0001) surface.78 The vertical and lateral relaxations for the
manganyl surface are given in the Supporting Information. The
oxidation of Mn5 leads to pairing of all d electrons, as demon-
strated by calculated Mulliken and Hirshfeld spins of 0.00. These
spin values suggest that Mn5 is oxidized to no-spin MnV.
Additional electron density is pulled from other surface and
subsurface atoms, particularly Obr and layer 5 manganese under
Mn5, as determined by changes in spin upon oxidation of the
surface. A comparison of the partial density of states of Mn5 on
the stoichiometric and manganyl surfaces shows the increase in
energy of the d orbitals due to electron pairing on the manganyl
surface (details given in the Supporting Information).
Reduction of the surface in the intermediate range of μO favors

removal of bridging oxygen (Obr) atoms. At 0 K, the percent of
Obr vacancies increases with decreasing μO, proceeding through
Obr-quarter; Obr-half(a); and Obr-half(b); and finally, Obr-all
(Figure 2d). Generally, buckling of the surface in which the Os

atoms relax out of the surface occurs for all surfaces with Obr

vacancies, and this buckling is most evident for the Obr-all surface
(see Figure 2d). Surface relaxations for these surfaces are listed in
the Supporting Information. Obr vacancies leave 5-fold coordi-
nated Mn6 on the Obr-quarter and Obr-half(a) surfaces and
4-fold coordinated Mn6 on the Obr-half(b) and Obr-all surfaces.
Generally, additional electrons acquired at the surface by removal
of neutral Obr atoms localize to surface manganese atoms with

unfilled coordination shells, reducing them to high-spin MnIII

and demonstrating the stability of octahedral MnIV. The number
of reduced manganese atoms at the surface increases with the
percent of Obr vacancies, and at or above vacancy concentrations
of 50%, Mn5 is also reduced. Only the Obr-quarter and Obr-all
surfaces exhibit some delocalization of the additional electron
density over other surface and subsurface atoms, as shown by
changes in their spins upon surface reduction.
Interestingly, highly symmetric surfaces are found to be meta-

stable in some cases, and Jahn�Teller distortion of surface
manganese is necessary to break the symmetry and locate a true
minimum-energy structure. The reduced symmetry at the surface
allows electrons to localize to one surface manganese instead of
being shared by adjacent manganese atoms. For example,
adjacent 5-fold coordinated Mn6 atoms on the Obr-quarter
surface initially share an electron, as indicated by an average
increase in the magnitude of their Mulliken and Hirshfeld spins
by 0.47 relative to the stoichiometric surface. This partial
reduction of Mn6 is revealed to be a metastable state by
vibrational analysis, which shows a doubly degenerate imaginary
frequency at �282 cm�1. This frequency is associated with the
layer 3 oxygen under Obr attached to 5-fold coordinated Mn6
translating along the [001] direction (Figure 4). Perturbing this
layer 3 oxygen along the [001] direction breaks the degeneracy of
the two neighboring 5-fold coordinated Mn6 atoms, leading to
the location of a true minimum-energy surface. Adjacent 5-fold
coordinated Mn6 lose their electronic and structural equivalency
as the shared electron becomes localized on one Mn6, resulting
in high-spin MnIII and MnIV on the surface (see Figure 4).
The Obr-half(a) surface also initially optimizes to a symmetric

metastable state with an electron delocalized between two 5-fold
coordinated Mn6. Vibrational analysis identifies large imaginary
frequencies at �276 and �317 cm�1 for this surface. As in the
earlier case, symmetry is broken by distorting the structure along
the dominant imaginary mode, and a lower-energy true mini-
mum is found with the shared electron localized to one of the
5-fold coordinated Mn6. The effect of electronically and struc-
turally inequivalent Mn6 at the surface leads to variations in
surface relaxations for the Mn6 atoms and their neighbors, which
are shown in the Supporting Information.

Figure 4. Illustration of the imaginary frequency found for the β-MnO2

(110) Obr-quarter surface when 5-fold coordinated Mn6 are equivalent
(left) and of the symmetry-broken geometry ofMn6 (right). Bond lengths
are in angstroms. The first spin value is the Mulliken spin, and the second
value is the Hirshfeld spin. The slab of the symmetric surface is viewed
along the [001] direction. (O, red/dark sphere; Mn, purple/light sphere).
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As μO approaches the lower limit of accessible μO values,
surfaces missing every other row of Os atoms or all Os atoms are
thermodynamically stable (Figure 3). Although it is not known if
these surfaces would be observed outside of the UHV environ-
ment, they exhibit surface reconstructions significantly different
from those observed for other rutile-type metal oxides and hence
are discussed in detail. Because of the significant reconstructions,
thicker surface slabs were tested to ensure proper convergence of
the Os-half and Os-half/Obr-all geometries and γ. For Os-half,
γ is converged within 0.17 meV/Å2 with five metal layers, and
vertical surface relaxations vary no more than (1% compared
with a seven-metal-layer slab. The Os-half/Obr-all surface re-
quires the use of six metal layers to achieve convergence of
γ within 0.11 meV/Å2 and differences in vertical surface relaxa-
tions between (1% for the first four layers.
Prior to relaxation, the Os-half surface consists of 3-fold

coordinatedMn5 in a geometry resembling half of an octahedron
and square pyramidal Mn6 (see Figure 1). Relaxation results in
the formation of tetrahedral Mn5 and square planar Mn6 as Mn6
and Obr fall toward Mn5 (see Figures 1 and 2e). Both Mn5 and
Mn6 adopt high-spin MnIII electronic configurations, as demon-
strated by Mulliken spins of 3.30 and �3.69, respectively. The
reduction of surface manganese plays a role in the large transla-
tions of surface atoms (see discussion below in the Molecular
Orbital Analysis section), which lead to significant vertical and
lateral relaxations (Tables 1 and 2, respectively). Although Mn5
experiences no vertical relaxation, Obr, Mn6, and layer 3 oxygen
atoms relax into the surface by �34%, �25%, and �12%,
respectively, relative to the bulk. The row of Os atoms remaining
on the surface undergoes expansion by +46%. The formation of
square planar Mn6 occurs by lateral translations of�1.51 Å and
�0.51 Å of Obr and Mn6, respectively, along the [110] direction
and by movement of layer 3 oxygen atoms +0.33 Å in the
opposite direction. Mn5 atoms also relax �0.23 Å in the [110]
direction. Generally, the large negative translations of Obr, Mn6,
and Mn5 are compensated by positive translations along the
[110] direction in the subsurface layers (Table 2).
The Os-all surface initially optimizes to a reconstruction

similar to the stoichiometric one without Os (Mn5 is coordinated
only to layer 4 oxygen, and Mn6 is square planar). This surface
reconstruction is metastable as vibrational analysis reveals four
large imaginary frequencies associated with wagging of square
planar Mn6 along the [110] direction (toward Mn5). After
perturbation along the dominant imaginary mode, a new struc-
ture that is 122 meV/Å2 lower in γ is found. The reconstruction
proceeds by square planarMn6 rotating 90� around [001] so that
Obr and layer 3 oxygen atoms end up in the approximate plane of
layer 2, and it appears to be the result of Obr and subsurface
oxygen removal (see Figure 2f). Trigonal planar Mn5 is formed
at the surface. Mn5, Mn6, and layer 5 square pyramidal manga-
nese are calculated to have Mulliken spins of 3.94, �3.68, and
3.21, respectively, signifying reduction to high-spin MnIII. Addi-
tional electron density is delocalized among Obr and subsurface
atoms, as demonstrated by changes in their spins. This surface
reconstruction is a metastable state with perturbations along the
imaginary mode leading to the same structure. Large vertical
relaxations relative to the bulk are associated with this recon-
struction (Table 1). Obr, Mn5, and Mn6 experience significant
relaxations of�93%,�148%, and�109%, respectively, into the
surface, whereas layer 3 oxygen atoms relax out of the surface by
+257%. If the reconstruction is considered to result from removal
of Obr and layer 3 oxygen (if they are treated as Os atoms), then

the calculated relaxations measured relative to layer 4 oxygen are
more modest, with relaxations of �3%, +22%, and +27% for
Mn5,Mn6, andOs, respectively (not shown in table). Rotation of
square planar Mn6 causes considerable lateral relaxation of Obr

by �1.24 Å and of layer 3 oxygen by +1.33 Å along the [110]
direction. Layer 5 oxygen atoms move 0.02 Å away from the
square pyramidal layer 5 manganese (Table 2; see Figure 2f).
In contrast to Os-all, the Os-half/Obr-all reconstruction shown

in Figure 2g looks significantly different from the stoichiometric
one. Prior to relaxation, the Os-half/Obr-all surface contains
3-fold coordinated Mn5 and Mn6 with half-octahedral geome-
tries. Relaxation of the surface leads to the formation of distorted
Mn5 tetrahedra in which three of the oxygen atoms (two Os

atoms and a layer 3 oxygen) are nearly planar with Mn5
(Figure 2g). Mn6 assumes a distorted octahedral geometry
completed by two Os, one layer 3 oxygen, two layer 4 oxygen,
and a layer 6 oxygen. Layer 3 oxygen atoms become 4-fold
coordinated, and layer 4 oxygen atoms are 5-fold coordinated.
The reduced surface manganese atoms are calculated to have
Mulliken spins of 3.91 on Mn5 and�4.56 on Mn6, indicative of
high-spin MnIII and high-spin MnII, respectively. The fourth
electron added to the surface by removal of neutral oxygen
atoms is delocalized among the subsurface manganese atoms. This
reconstruction is accompanied by significant vertical relaxations
(Table 1). Surface manganese atoms experience large relaxations
of�56% for Mn5 and�93% for Mn6 into the surface. The layer
2 atoms move approximately a quarter of the unit cell length in
the [110] direction, leading to a surface reconstruction in which
the first layer of metal atoms is displaced at least 1.44 Å along the
[110] direction relative to the bulk (Table 2). This surface
reconstruction is significantly different from the Os-half/Obr-all
surface of rutile-type SnO2, which was found to be the most
stable reduced surface in GGA studies.35,63 For SnO2, the
relaxations are similar to the stoichiometric surface. The differ-
ence in the relaxations between these two rutile-type structures is
most likely a factor of the difference in d-orbital filling, with full d
orbitals on tin and partially filled d orbitals on manganese.
C.Molecular Orbital Analysis.To understand the driving force

for the surface reconstructions, the relationship between oxida-
tion state, coordination geometry, and d-orbital energy levels was
investigated. When the surface is reduced, the extra electrons at
the surface can cause surface reconstruction in which surface
manganese atoms adopt new coordination geometries with more
energetically favorable d-orbital occupations. The d-orbital po-
pulations and energies were calculated for the surface manganese
before and after surface relaxation using representative molecular
complexes to elucidate the role of the d orbitals in directing
surface reconstruction. The following procedure was used.
Molecular complexes of surface manganese atoms were obtained
by cutting a manganese atom with its coordinated oxygen atoms
from the unrelaxed and relaxed surfaces (see Figure 1). The
oxygen atoms were saturated with hydrogen atoms to form
Mn(H2O)x complexes, and only the positions of the hydrogen
atoms were optimized for various manganese oxidation states.
The same level of theory and basis set were used in these
nonperiodic calculations as were employed in the periodic
calculations detailed previously, but the cutoff radius was in-
creased to 5.5 Å to obtain accurate energies. The eigenvalues of
the d orbitals were then calculated. The d-band center, or average
d-orbital energy, shifts with coordination number and geometry.
To understand how d-orbital splitting and occupations stabilize
or destabilize molecular complexes with different coordination
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numbers, the center of the majority d “band” (average spin-up
d-orbital energies) was determined, and the difference between
the d orbital of interest and the “band” center (Δ) was used.
First, a discussion of fully relaxed molecular Mn(H2O)x

complexes is warranted. For MnIV complexes, only low-spin
tetrahedral and high-spin trigonal bipyramidal, square pyramidal,
and octahedral geometries were found. MnIV is observed in
tetrahedral and octahedral geometries in nature.79 Summing the
Δ values of the filled d orbitals gives the following sequence for
stability: tetrahedral (�3.49 eV) > octahedral (�3.00 eV) >
square pyramidal (�2.53 eV) > trigonal bipyramidal (�2.51 eV).
Note that the total energy of the trigonal bipyramidal MnIV

complex was found to be 0.68 eV higher than that of the square
pyramid, demonstrating that these relative stabilities are reliable.
MnIII complexes exhibit larger diversity in possible coordina-

tion geometries. In nature, MnIII can be found in trigonal planar,
square planar, trigonal bipyramidal, square pyramidal, and octa-
hedral geometries.79 Stable, high-spin MnIII complexes in each of
these geometries were found, although the trigonal bipyramidal
complex optimized to a square pyramidal complex when the
force tolerance was lower than 0.05 eV/Å. Generally, a force
tolerance of 0.01 eV/Å does not significantly change the energies
of the d orbitals, and the trigonal bipyramidal results obtained
with a 0.05 eV/Å force tolerance will be used in the following
discussion. MnIII tetrahedra relax to square planar complexes in
the absence of symmetry constraints and will not be discussed
further. The square planar complex is the most stable, on
the basis of the sum of the Δ values of the filled d orbitals
(�2.02 eV). The rest of the complexes can be ranked in terms of
stability as follows: square pyramidal (�1.47 eV) > trigonal
planar (�1.45 eV) > trigonal bipyramidal (�1.31 eV) > octahe-
dral (�1.24 eV). The square pyramidal complex is calculated to
be 0.47 eV lower in total energy than the trigonal bipyramidal
complex, in qualitative agreement with these results.
The relative energies of the MnIII molecular complexes

indicate that the square planar geometry affords the lowest-energy
orbital occupancies for the four d electrons. This favorable
arrangement of d electrons thus likely constitutes the predomi-
nant driving force for the Os-half surface reconstruction
(Figure 2e), since Mn6 relaxes from a square pyramid to a square
planar coordination geometry (see Figure 1). The assignment of
Mn5 and Mn6 oxidation states is more complicated than initially

stated, as demonstrated by a comparison of Mn5 and Mn6 spins
before and after relaxation to the spins on analogous Mn(H2O)x
molecular complexes with formal 3+ or 4+ oxidation states (see
Figure 1). Prior to relaxation, Mn5 has a 3+ oxidation state, and
Mn6 falls betweenMnIII andMnIV. Relaxation leads to transfer of
some electron density from Mn5 to Mn6 so that Mn5 is now
betweenMnIII andMnIV andMn6 isMnIII. These results indicate
two possibilities: electron transfer between Mn5 and Mn6 leads
to a switching of oxidation states upon relaxation, or both Mn5
and Mn6 maintain 3+ oxidation states during relaxation. The Δ
values for the Mn5 and Mn6 spin-up d orbitals are shown for
both cases in Figure 5. Both scenarios are accompanied by a
decrease in the sum of filled d-orbital Δ values of ∼0.1 eV. If
electron transfer occurs from Mn5 to Mn6 (Figure 5a), then
Mn5 and Mn6 relax to the most stable coordination geometries
for MnIV and MnIII determined by examining fully relaxed
Mn(H2O)x complexes. Transfer of electrons from the dxz and
dyz orbitals onMn5 to the dz2 orbitals onMn5 andMn6 results in
a large decrease in the sum of their Δ values by 1.0 eV. The Mn5
dx2-y2 orbital also falls by 0.69 eV in energy. Most of the decrease
in d-orbital energy is counteracted by increased Δ values for the
rest of the filled d orbitals on Mn6, explaining the small overall
decrease in d-orbital energies. The second scenario shows similar
changes in relative Δ values (Figure 5b), although the driving
force in this case is the decrease in the Mn6 dz2 Δ value upon
transformation to a square planar geometry. The real picture is
probably a combination of the two scenarios and illustrates the

Figure 5. The difference in energies between the spin-up d orbitals and their average (Δ) for Mn5 and Mn6 on the β-MnO2 (110) Os-half surface.
(a) Mn5 starts as MnIII, Mn6 starts as MnIV, and they switch oxidation states. (b) Mn5 and Mn6 maintain the 3+ oxidation state during relaxation.

Figure 6. The difference in energies between the spin-up d orbitals
and their average (Δ) for Mn5 and Mn6 on the β-MnO2 (110)
Os-half/Obr-all surface.
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importance of lowering the dz2 orbital energy on stabilizing
square planar MnIII at the surface. Although other electrostatic
and steric interactions may affect the surface reconstruction, it is
likely that the formation of square planar MnIII accounts for a
significant portion of the predicted stability of Os-half at low pO2

and high temperature.
The other surface displaying significant reconstruction during

relaxation is the Os-half/Obr-all surface (Figure 2g). As discussed
previously, Mn5 and Mn6 are initially 3-fold coordinated, half-
octahedral species. Mn5 relaxes to a distorted tetrahedron, and
Mn6 optimizes to a significantly distorted octahedron. Mn5 and
Mn6 maintain the same oxidation states (MnIII and MnII,
respectively) during relaxation. Figure 6 shows the Δ values for
Mn5 and Mn6 before and after optimization. For this surface,
formation of the distorted octahedron causes splitting of the eg
and t2g orbitals on Mn6. The distorted tetrahedral Mn5 should
not be stable, given the 3+ oxidation state, and an increase in the
sum of the filled d-orbital Δ values is observed. Hence, in this
case, the lowering of the d-orbital energies is not sufficient to
explain the surface reconstruction. The driving force for the
reconstruction instead appears to be related to the competition
between dissatisfied MnII and MnIII in 3-fold coordinated, half-
octahedral geometries and steric and electrostatic constraints of
the slab. When complexes representing 3-fold coordinated, half-
octahedral MnII and MnIII are fully relaxed, the final structure is
trigonal planar. In agreement with these results, the reconstruc-
tion of the surface proceeds as Mn6 falls into the surface to
become trigonal planar, which also results in approximately
trigonal planar Mn5. At this point, the rows of Mn5 and Mn6
at the surface are separated by only 2.12 Å along the [110]
direction, with aMn5�Mn6 distance of 2.56 Å.Mn5moves away

from Mn6 along the [110] direction and coordinates to a layer 3
oxygen atom, resulting in a nearly trigonal planar geometry with a
fourth oxygen ligand (layer 4 oxygen) at a distance of 2.11 Å.
Mn6 moves along the surface with Mn5 to prevent reformation
of 3-fold coordinated, half-octahedral Mn6. This translation
results in bond formation betweenMn6 and three oxygen atoms,
two in layer 4 and one in layer 6. This surface reconstruction
demonstrates the interplay between relaxation to geometries
with lower d-orbital energies, steric constraints of the subsurface
layers, and electrostatic interactions, which lead to new and as yet
unobserved surface reconstructions. In this case, energy gains
from new steric and electrostatic interactions appear to be greater
than those from electronic differences.
These case studies can provide insight into the stability of the

Os-all surface reconstruction and why other surfaces with a
fraction of Os atoms removed are not found to be stable in the
range of accessible μO. Before perturbation of square planar Mn6
toward Mn5, the Os-all surface is metastable because Mn5 has
only one oxygen ligand and is unsatisfied. Breaking the symmetry
of the metastable state allows reconstruction to a favorable
trigonal planar Mn5III while also maintaining the stable square
planar Mn6III. As demonstrated by the calculations on fully
relaxed MnIII(H2O)x molecular complexes, the relatively low
energies of the filled d orbitals for these two coordination
geometries is likely the driving force for theOs-all reconstruction.
If only a fraction of Os atoms are removed from the surface, 3- or
4-fold coordinated Mn5 atoms in octahedral-like geometries
typically remain at the surface. These MnIII species would prefer
to be trigonal planar or square planar; however, the steric
constraints of the surface and subsurface layers prevent relaxation
into the surface to form these geometries. In some cases,

Figure 7. (a) β-MnO2 (100) stoichiometric surface showing surface atom types; stable (100) surface terminations viewed along the [001] direction:
(b) stoichiometric showing layer stacking sequence; (c) manganyl; (d) Obr-half(b); (e) Obr-all (O, red/dark sphere; Mn, purple/light sphere).
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metastable states were found initially for surfaces with a fraction
of Os atoms removed, and location of the true minima resulted in
significantly lower γ values. Yet, these surfaces are not stable in
the accessible range of μO values. One such example is the surface
with alternating Os vacancies along the [001] and [110] direc-
tions (50% Os vacancies). This surface is only 16.8 meV/Å2

higher in γ than the Obr-all surface at 0 K and has an interesting
surface reconstruction with tetrahedral Mn5IV and distorted
square planar, trigonal bipyramidal, and square pyramidalMn6III.
The surface manganese are essentially inaccessible to adsorbate
molecules. Generally, for reduction of the surface to occur by Os

atom removal, enough Os atoms need to be removed to allow for
significant surface reconstruction to more favorable MnIII

geometries.
2. (100) Surface. On the stoichiometric β-MnO2 (100) sur-

face, 5-fold coordinated manganese atoms (Mn5) are connected
by rows of bridging oxygen atoms (Obr) along the [001]
direction (Figure 7a). Mn5maintains a high-spinMnIV oxidation
state with calculated Mulliken and Hirshfeld spins of �2.63 and
�2.47, respectively, comparable to the bulk MnIV values of 2.59
and 2.40. Unlike the (110) surface, Obr relaxes out of the surface
with an expansion of the layer 1�2 Obr-Mn5 spacing of +11%
relative to the bulk (Table 3; see Figure 7b for a depiction of the
layer sequence). Mn5 relaxes into the surface by�16%, while an

expansion of the layer 3�4 spacing of +22% is observed. The
outward relaxation of Obr and inward relaxation of Mn5 have
been predicted in a previous study using interatomic potentials.31

A recent GGA study of the rutile TiO2 (100) surface shows
qualitative agreement with the vertical relaxations of the first
three layers,35,75 and small outward relaxation of Obr and inward
relaxation of layer 3 was calculated in an LDA study.76 As shown
in Table 4,Mn5 translates in the opposite direction as Obr, layer 3
oxygen, and layer 4 oxygen along the [010] direction. These
lateral relaxations coupled with the vertical relaxations result in
Mn5 moving out of the same plane as the Obr and layer 3 oxygen
atoms. Lateral relaxations calculated for the rutile TiO2 (100)
surface in GGA75 and LDA76 studies show the same general
trends, with Mn5 moving in the opposite direction as the oxygen
atoms in its coordination sphere.
A. Ab Initio Thermodynamics. Like the (110) surface, the

(100) surface can be reduced under oxygen-poor conditions (low
pO2

and high temperature), but oxidation of the surface may not
be possible. Ab initio thermodynamics predicts that the (100)
stoichiometric surface with a surface energy of 64.6 meV/Å2 at
0 K is the most stable over the majority of the range of accessible
μO values (Figure 8), in agreement with an EELS study that
found an average manganese valence of 4.0 at the surface of
β-MnO2.

26 The oxidized surface (the manganyl surface;
Figure 7c) becomes stable only at the oxygen-rich limit when
μO is above�0.016 eV (below 66 K at an ambient pO2

of 0.2 bar),
indicating that oxidation of the surface is unlikely. Reduction of
the surface occurs by removing Obr. At a μO value of �2.16 eV,
the Obr-half(b) surface, formed by removing every other row of
Obr atoms (see Figure 7d), becomes more stable than the
stoichiometric surface. This μO value corresponds to a tempera-
ture of 1040 K in UHV (modeled with pO2

= 10�10 bar). The
surface with every other Obr removed (Obr-half(a)) is only
6.7 meV/Å2 higher in γ than Obr-half(b) at 0 K. It might
therefore be possible to observe either of these surfaces, depend-
ing on the kinetics and the conditions under which reduction
occurs. When μO falls below �2.75 eV (the temperature is
increased above 1310 K at a pO2

of 10�10 bar), all Obr atoms can
be removed from the surface to form Obr-all (Figure 7e). These
results show only thermodynamic stability at 0 K, and observed

Figure 8. Surface free energies of various surface terminations of the
β-MnO2 (100) surface as determined by ab initio thermodynamics as a
function of μO at 0 K. The vertical black lines bracket the range of
accessible μO values as defined in the text.

Table 3. Calculated Vertical Layer Spacings, d (Å), and
Percent Relaxations with Respect to Theoretical Bulk
Spacings for Selected Stable Surface Terminations of the
β-MnO2 (100) Surface

stoichiometric Obr-all

layers d % Δ d % Δ

1�2 0.969 +11

2�3 0.735 �16 �0.583 �167

3�4 0.591 +22 1.105 +127

4�5 0.843 �3 0.839 �4

5�6 0.827 �5 0.601 �31

6�7 0.567 +17 0.827 +70

7�8 0.849 �3 0.841 �3

8�9 0.840 �4 0.728 �16

Table 4. Calculated Lateral Relaxations (Å) with Respect to
Theoretical Bulk Positions for Selected Stable Surface
Terminations of the β-MnO2 (100) Surface

stoichiometric Obr-all

layers [010] [010]

1 �0.21

2 +0.07 �0.45

3 �0.13 �0.53

4 �0.06 �0.10

5 +0.02 �0.12

6 +0.03 +0.17

7 +0.02 +0.10

8 +0.01 +0.02

9 �0.03 �0.10

10 �0.02 �0.08



17003 dx.doi.org/10.1021/jp2037137 |J. Phys. Chem. C 2011, 115, 16992–17008

The Journal of Physical Chemistry C ARTICLE

surface reconstructions will depend on the method of surface
preparation as well as oxygen partial pressure and temperature.
As for the (110) surface, entropic contributions to γ at finite
temperature lead to lower oxidation temperatures and higher
reduction temperatures at a given pO2

than indicated by μO alone.
For example, inclusion of these effects results in a predicted
reduction temperature of 1090 K in UHV in the limiting case of
oxygen vacancy concentrations of at least 50%. Additional details
are described in the Supporting Information.
B. Oxidized and Reduced Surface Reconstructions. Although

the stoichiometric surface is likely to be observed experimentally,
interesting surface reconstructions are found when oxidation and
reduction of the (100) surface are considered. Oxidation of the
(100) surface results in the formation of manganyl groups with
O�Mn5 bond lengths of 1.57 Å (the manganyl surface;
Figure 7c). Analysis of the Mulliken and Hirshfeld spins indicate
that Mn5 is oxidized to MnVI since there is approximately half of
an unpaired electron in its d orbitals. Here, both electrons are
drawn to the additional oxygen atom from Mn5 instead of from
other atoms, as in the (110)manganyl surface. The greater extent
of Mn5 oxidation in this case is likely due to the presence of two
2-fold coordinated oxygen (Obr) in theMn5 coordination sphere
on the (100) surface, which take more electron density from
Mn5 than the 3-fold coordinated oxygen in the Mn5 coordina-
tion sphere on the (110) surface. Similarly to the (110) surface,
reduced surfaces contain high-spin MnIII. On the Obr-half(a)
surface, the Mn5 atoms are 4-fold coordinated high-spin MnIII.
Interestingly, all Mn5 on the surface are equivalent, in contrast to
Mn6 on the (110)Obr-half(a) surface. As shown in Figure 7d, the
Obr-half(b) surface consists of alternating rows of 4- and 5-fold
coordinated Mn5 along the [010] direction. The 4-fold coordi-
nated Mn5 undergo reduction to high-spin MnIII, and layer 5
manganese are partially reduced to low-spin MnIII. Surface
relaxations for these (100) surfaces are given in the Supporting
Information.
Under severely reducing conditions (low pO2

and high
temperature), it is predicted that all Obr atoms are removed
from the surface (Obr-all; Figure 7e). Although this surface is
unlikely to be observed outside the UHV chamber, it demon-
strates the interesting relationship between the electronic struc-
ture of the surface manganese and surface reconstruction and is
discussed in detail. Mn5 is reduced to high-spin MnIII, as shown
by the increase in magnitude of the spin on Mn5 by approxi-
mately 1.00 relative to the stoichiometric surface. Layer 5
manganese are reduced to low-spin MnIII with spins an average
of 0.18 higher than those calculated for the corresponding
Mn(H2O)x molecular complex with a formal 3+ oxidation state.
This surface reconstruction proceeds by 3-fold coordinated, half-
octahedral Mn5 falling into the surface so that it becomes nearly
planar with layers 3 and 4 oxygen atoms and coordinates to a
layer 6 oxygen (Figure 7e). The Obr-half(b) surface (Figure 7d)
also reconstructs via the same mechanism. The inward relaxation
of Mn5 translates to a layer 2�3 Mn5�O compression of
�167% relative to the bulk and promotes expansion of the layer
3�4 spacing by +127% as well as considerable vertical relaxations
deeper in the slab (Table 3). Large lateral relaxations along the
[010] direction are experienced throughout the slab, especially
for layers 2 and 3 (Table 4). These layers shift approximately
�0.50 Å along the [010] direction to accommodate Mn5 as it
relaxes into the surface. This surface reconstruction is not
observed for the fully reduced rutile-type SnO2 (100) surface.
Removal of all Obr atoms on that surface results in a SnO layer at

the surface with the tin atoms maintaining the 3-fold coordi-
nated, half-octahedral geometry and with vertical relaxations
similar to those of the bulk.35

The d-orbital picture for the first two layers of manganese
atoms of Obr-all was examined to gain insight into the Obr-all
reconstruction. First, it is noted that removal of one Obr per Mn5
from the stoichiometric surface initially results in high-spin MnII

at the surface, as indicated by a Mulliken spin of�4.37 on Mn5.
During relaxation, an electron is transferred from Mn5 to layer 5
manganese so that the first two layers of manganese atoms are
reduced to MnIII, as discussed previously. The question becomes
whether the electron transfer drives surface reconstruction or
surface reconstruction drives the electron transfer. To answer
this question, the d-orbital energies were calculated for the
molecular complexes representing Mn5 and layer 5 manganese
before and after relaxation of Obr-all. For Mn5, 3+ and 2+
oxidation states were investigated for both initial and final
geometries, and 4+ and 3+ oxidation states were examined for
layer 5 manganese. The sum of the filled d-orbital Δ values
decreases significantly from �3.5 eV to �5.5 eV for electron
transfer prior to reconstruction (see Figure 9). This large energy
savings is not observed for the reconstruction step preceding
electron transfer. Upon electron transfer, the eg and t2g orbitals
on Mn5 and on layer 5 manganese split, leading to a decrease of
0.90 eV in the Δ values of the filled t2g orbitals on layer 5
manganese. The rest of the gain in energy is due to transfer of the
Mn5 dz2 electron to the spin-down dxy orbital on layer 5
manganese. No further decrease in the sum of the filled d-orbital
Δ values is observed upon surface reconstruction (Figure 9). The
surface reconstruction at this point is driven by the relaxation of
half-octahedral Mn5III toward a highly stable trigonal planar
geometry. Mn5 becomes 4-fold coordinated due to the proximity
of layer 6 oxygen after relaxation. Electron transfer to layer 5
manganese thus occurs prior to relaxation of Mn5 into the
surface. In summary, the Obr-all surface reconstruction illustrates
the rich redox behavior of manganese and competition between
manganese coordination geometry and steric and electrostatic
constraints. This surface reconstruction is not observed for rutile-
type SnO2 because tin is a d

10 system and does not benefit from
an adjustment in d-orbital occupations.

Figure 9. The difference in energies between the spin-up d orbitals and
their average (Δ) for Mn5 and layer 5 manganese (L5-Mn) on the
β-MnO2 (100)Obr-all surface. The spin-down orbital shown in orange is
the dxy orbital for the initial and intermediate stages, and it is the dxz
orbital for the final geometry.
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3. (101) Surface. The β-MnO2 (101) stoichiometric surface
differs from the (110) and (100) surface in that 2-fold coordi-
nated oxygen atoms at the surface do not bridge manganese
atoms in the same row (see Figure 10a). These oxygen atoms are
thus denotedO2, and the surfacemanganese are 5-fold coordinated
Mn5. The Mulliken and Hirshfeld spins on Mn5 are 2.44 and
2.28, respectively, in agreement with the spins on Mn5 on the
(110) and (100) surfaces and indicative of high-spin MnIV by
comparison with the bulk values. Relative to the bulk, the layer
1�2 O2�Mn5 spacing undergoes an expansion of +6%
(Table 5; see Figure 10b for layer sequencing). Mn5 relaxes into
the surface by�9%. These vertical relaxations are similar to those
observed in GGA studies35,54,63 of the rutile-type SnO2 (101)
surface although not as large. Calculations performed using
interatomic pair potentials31 show different directions for the
vertical relaxations, probably because the treatment of electronic
structure in the present study is important in predicting surface
reconstructions, as shown earlier. Lateral relaxations along both
the [101] and [010] directions are observed (Table 6). Along the

[010] direction, atoms in the same layer move toward each other.
This translation is most noticeable for Mn5 and can be seen in
Figure 10b.
A. Ab Initio Thermodynamics. Ab initio thermodynamics was

used to predict the relative stability of the (101) stoichiometric
surface and four oxidized or reduced surfaces. As with the
(110) and (100) surfaces, the stoichiometric surface with γ =
79.7 meV/Å2 at 0 K is the most stable surface termination over a
wide range of μO (Figure 11). The manganese valence of 4.0 at
this surface is consistent with the experimental value found for
β-MnO2.

26 An oxidized surface on which Mn5 becomes octahe-
dral (the manganyl surface; Figure 10c) is more stable than the
stoichiometric surface above a μO value of �0.10 eV, which
corresponds to a temperature of 135 K at ambient pO2

(0.2 bar).
The (101) surface becomes fully reduced by removal of all O2
atoms at a μO value of �2.12 eV (O2-all; Figure 10d). The
surface reconstruction with every other row of O2 atoms
removed (O2-half(b)) is only 2.2 meV/Å2 higher in energy than

Figure 10. (a) β-MnO2 (101) stoichiometric surface showing surface atom types; stable (101) surface terminations viewed along the [101] direction:
(b) stoichiometric showing layer stacking sequence; (c) manganyl; (d) O2-all (O, red/dark sphere; Mn, purple/light sphere).

Table 5. Calculated Vertical Layer Spacings, d (Å), and
Percent Relaxations with Respect to Theoretical Bulk Spa-
cings for Selected Stable Surface Terminations of the β-MnO2

(101) Surface

stoichiometric O2-all

layers d % Δ d % Δ

1�2 0.781 +6

2�3 0.669 �9 �0.360 �149

3�4 0.958 +1 1.173 +24

4�5 0.710 �4 0.949 +29

5�6 0.773 +5 0.694 �6

6�7 0.906 �4 0.838 �11

7�8 0.769 +4 0.813 +10

8�9 0.753 +2 0.767 +4

Table 6. Calculated Lateral Relaxations (Å) with Respect
to Theoretical Bulk Positions for Selected Stable Surface
Terminations of the β-MnO2 (101) Surface

stoichiometric O2-all

layers [101] [010] [101] [010]

1 +0.05 (0.08

2 �0.08 (0.18 �0.63 (0.02

3 �0.04 (0.04 �0.46 (0.16

4 +0.02 (0.05 +0.38 (0.47

5 0 (0.06 +0.02 (0.01

6 �0.04 (0.04 �0.09 (0.20

7 +0.02 (0.03 +0.13 (0.12

8 �0.01 (0.02 +0.01 (0.02

9 �0.03 (0.03 �0.06 (0.09

10 +0.03 (0.04 +0.06 (0.07
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O2-all at �2.12 eV. At 0 K, 12.7 meV/Å2 separates the
O2-half(b) and O2-half(a) surfaces, the latter of which is obtained
by removing every otherO2atom.TheμO value at which reduction
occurs (�2.12 eV) translates to a temperature of 1021 K at a pO2

of 10�10 bar (UHV conditions) and is significantly higher than
the experimental decomposition temperature (808 K).69 Again,
comparison between the calculated and experimental decom-
position temperatures is made cautiously, given the limiting case
of 100% O2 vacancies and neglect of kinetic factors in the
calculations. Kinetic limitations to the formation of the oxidized
or reduced surfaces may affect which surface is observed experi-
mentally when different surface preparation techniques and
temperature and pressure conditions are used. The temperature
range over which the stoichiometric surface can be observed is
predicted to expand when entropic contributions to γ are
considered, as is the case for the (110) and (100) surfaces.
Specific examples at ambient and UHV conditions are given the
Supporting Information.
B. Oxidized and Reduced Surface Reconstructions. Although

the oxidized and reduced surfaces are not relevant under typical
UHV conditions, they may play a role in applications where other
strong redox agents are present (e.g., heavy metal ions in the
environment). For all surfaces considered, a general description
of the electronic structure of the surface manganese is given, and
structural information in the form of surface relaxations can be
found in the Supporting Information. Near oxygen-rich limiting
conditions, manganyl groups with bond lengths of 1.59�1.60 Å
form on the (101) surface (the manganyl surface; Figure 10c).
Oxidation of Mn5 leads to manganese atoms withMulliken spins
of 0.96 and �0.64 at the surface. These spins indicate the
presence of an unpaired d electron on Mn5 and lead to the
assignment of a 6+ oxidation state to Mn5, as is the case for Mn5
on the (100) manganyl surface. The small differences in spin
magnitude suggest reduced symmetry of the surface; yet, the
differences in geometry around the inequivalent Mn5 atoms are
insignificant. As with the (110) and (100) reduced surfaces, Mn5
favors the formation of high-spin MnIII. The O2-half(a) surface
consists of 4-fold coordinated manganese atoms. Like the (110)
Obr-quarter and Obr-half(a) surfaces, the symmetry of the surface
must be broken to find a true minimum-energy structure. Half of

the Mn5 atoms are reduced to high-spin MnIII, and additional
electron density is delocalized among half of the layer 5 manga-
nese atoms. On the O2-half(b) surface, rows of 4- and 5-fold
coordinated Mn5 alternate along the [010] direction. All of the
4-fold coordinated and half of the 5-fold coordinated Mn5 are
high-spin MnIII.
On the basis of the ab initio thermodynamics calculations, the

most likely surface reconstruction to be observed under severely
reducing conditions (low pO2

and high temperature) is O2-all
(Figure 10d). 3-Fold coordinated, half-octahedral Mn5 are
present at the surface initially. Relaxation of the slab is driven
by reduced Mn5 rearranging to the more favorable square planar
MnIII. Layer 5 manganese atoms are reduced to low-spin MnIII

with an average decrease in their spins by 0.40. As Mn5 relaxes
into the surface by �149% (Table 5), the layer 3 oxygen atoms
become the topmost layer (see Figure 10d). The layer 3�4 and
4�5 spacings expand by +24% and +29% relative to the bulk,
respectively. These vertical relaxations differ considerably from
those calculated for the rutile-type SnO2 (101) reduced surface
because the reduced SnO2 reconstruction maintains a structure
similar to the stoichiometric surface.35,54,63 The reconstruction
predicted here has not yet been observed in rutile-type structures,
probably because the well-studied surfaces have either filled or
completely empty d bands. In the O2-all surface, all layers
experience lateral relaxations (Table 6), with translation of atoms
in the same layer toward each other along the [010] direction,
except for layers containing manganese and layer 3, where the
atoms move away from each other. Significant relaxation of the
first three layers along the [101] direction aids the formation of
square planarMn5. Given the studies on fully relaxedMn(H2O)x
molecular complexes discussed previously, the driving force for
this surface reconstruction is likely related to the high stability of
MnIII square planar complexes.
Investigation of the d-orbital energies for the first two layers of

manganese atoms supports the proposed driving force for the
O2-all surface reconstruction. Interestingly, this reconstruction
occurs through essentially the same mechanism as that for the
(100) Obr-all surface. Prior to relaxation, the O2-all surface is
calculated to have high-spin MnII at the surface. Transfer of one
electron from Mn5 to the layer 5 manganese leads to high-spin
MnIII and low-spin MnIII in layers 2 and 5, respectively. Then

Figure 11. Surface free energies of various surface terminations of the
β-MnO2 (101) surface as determined by ab initio thermodynamics as a
function of μO at 0 K. The vertical black lines bracket the range of
accessible μO values as defined in the text.

Figure 12. The difference in energies between the spin-up d orbitals
and their average (Δ) forMn5 and layer 5manganese (L5-Mn) on theβ-
MnO2 (101) O2-all surface. The spin-down orbital shown in orange is
the dxz orbital for the initial and intermediate stages, and it is the dxy
orbital for the final geometry.
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Mn5 relaxes to the square planar geometry. Figure 12 illustrates
the changes in theΔ values of the spin-up d orbitals as the surface
reconstruction progresses through the stages outlined above.
The electron transfer from the spin-up dz2 orbital on Mn5 to the
spin-down dxz orbital on layer 5 manganese results in a 1.0 eV
energy savings. Another energetically favorable change is the
splitting of the t2g and eg orbitals on layer 5 manganese as
measured by the d-orbital Δ values. The sum of the filled
d-orbital Δ values decreases by a total of 2.0 eV upon electron
transfer. Unlike the (100) Obr-all reconstruction, relaxation of
the slab leads to a significant lowering of the sum of the filled
d-orbitalΔ values by an additional 0.98 eV. This energetic change
arises mostly from the large decrease in the Δ value of the Mn5
dz2 orbital, to which the Mn5 dx2-y2 electron is transferred upon
relaxation. These results agree with the predicted stability of
square planar MnIII discussed previously and demonstrate how
d-orbital occupancy can drive surface reconstructions for transi-
tion metal oxides.
4. Comparison of (110), (100), and (101) Surfaces. In

agreement with previous GGA studies,35,38,70 the stability of
the stoichiometric β-MnO2 surfaces ranks as follows in order of
decreasing stability: (110) > (100) > (101). The surface free
energies at 298.15 K are 47.2, 57.5, and 76.0 meV/Å2 for the
(110), (100), and (101) surfaces, respectively. On the basis of the
μO value at which the stoichiometric surface transforms into the
manganyl surface at 0 K, the (110) surface is the most easily
oxidized surface, followed by the (101) surface, and then the
(100) surface. This transition occurs at �0.17 eV for the (110)
surface, �0.10 eV for the (101) surface, and �0.016 eV for the
(100) surface. Because these μO values correspond to tempera-
tures less than 200 K under ambient pO2

, β-MnO2 surfaces are
probably not oxidized at experimentally relevant conditions.
Comparing the reducibilities of the surfaces is less straightfor-
ward, since the oxygen vacancy concentration at which reduction
is first predicted to occur is not the same for the three surfaces.
For a more equal comparison, the μO values for the transition
from the stoichiometric surface to the fully reduced surface are
employed. The (101) surface is easiest to fully reduce as the
O2-all surface becomes the most stable surface at μO =�2.12 eV.
The (110) surface follows with γ of theOs-all andOs-half/Obr-all
surfaces falling below that of the stoichiometric surface at a μO
value of�2.33 eV. The (100) surface is predicted to go from the
stoichiometric surface termination to Obr-all at �2.46 eV. In
UHV (modeled with pO2

= 10�10 bar), these μO values translate
to temperature thresholds of 1020, 1120, and 1180 K for the
(101), (110), and (100) surfaces, respectively. When entropic
effects are included in the calculation of γ at finite temperature,
these temperatures increase by at least 80 K, but the relative
reducibilities of the surfaces remain unchanged. A GGA study of
rutile-type SnO2 surfaces concluded that the (101) surface was the
most easily reduced, followed by the (100) and then the (110)
surfaces,35 in agreement with a previous study of the (101) and
(110) surfaces.63 It should be noted that partial reduction of these
surfaces may produce a different ordering for their reducibilities.

’CONCLUSIONS

Ab initio thermodynamics have been used to investigate stable
β-MnO2 surfaces and their redox behavior. The predicted
stability of the (110), (100), and (101) stoichiometric surfaces
follows the trends previously determined for rutile TiO2 and
rutile-type SnO2: (110) > (100) > (101). Generally, the

stoichiometric surfaces are predicted to be observed under
environmentally relevant conditions, in agreement with experi-
ments that found a manganese valence of 4.0 at the β-MnO2

surface.26 Fourteen oxidized or reduced surfaces were examined
for the (110) surface, and four oxidized or reduced surfaces of the
(100) and (101) surfaces were studied. Oxidation of the (110),
(100), and (101) surfaces results in the formation of manganyl
groups at the surface. The surface energies for these oxidized
surfaces indicate that the (110) and (101) surfaces may be
oxidized under oxygen-rich, low-temperature conditions
(below 194 and 118 K, respectively, at ambient pO2

when
entropic effects are included). It is unlikely, however, that the
(100) surface can be oxidized.

It has been predicted that the (110), (100), and (101) surfaces
are reduced at low pO2

and high temperature (above 1000 K at
pO2

= 10�10 bar), forming interesting surface reconstructions
that have not been observed for other rutile-type metal oxides. In
most cases, these reconstructions demonstrate the preference of
MnIII for certain coordination geometries, especially the square
planar configuration. Over the range of accessible μO values,
seven (110) reduced surfaces have surface energies lower than
that of the stoichiometric surface. These surfaces involve mostly
removal of Obr atoms. Surfaces missing Os atoms are stable only
if enough Os atoms are removed to allow for significant surface
reconstructions. Under severely reducing conditions, the (110)
Os-all and Os-half/Obr-all surfaces are the most thermodynami-
cally stable. The (100) and (101) surfaces are predicted to exhibit
two or one reduced surface, respectively. On the (100) and (101)
fully reduced surfaces, Mn5 undergoes significant relaxation into
the surface, which is not observed for similar SnO2 surfaces, due
to the absence of a partially filled d band in the latter cases.

The extra electrons on β-MnO2 reduced surfaces typically
localize to surface manganese, forming MnIII at the surface. For
the (110) Obr-quarter, Obr-all, Os-all, and Os-half/Obr-all and the
(101) O2-half(a) surfaces, some of the additional electron
density delocalizes among subsurface atoms. In a few cases,
breaking the symmetry of the surface allows an electron to
localize to one surface manganese atom, producing multiple
manganese oxidation states at the surface. These surface
reconstructions ((110) Obr-quarter and Obr-half(a) and (101)
O2-half(a)) are driven by the Jahn�Teller distortion of the
d4 MnIII coordination geometry. These results demonstrate the
importance of vibrational analysis since the lower-energy, asym-
metric surfaces would not have been located without perturbing
the metastable symmetric surface along the dominant imaginary
frequency.

Because of the directionality of the d orbitals, the thermo-
dynamically stable reduced surfaces exhibit manganese coordina-
tion geometries with the d electrons occupying lower energy
states. Detailed electronic structure analysis was performed to
explain the role of d-orbital occupations and coordination
geometry in producing the new surface reconstructions predicted
here. This type of analysis illustrates that the redox behavior of
manganese oxides may involve significant structural aspects to
consider, for example, in modeling their role in heavy metal
oxidation. In the present study, the electronic structure of surface
manganese is intimately related to the reconstructions predicted.
The (110)Os-half surface reconstruction is driven by the stability
of square planar MnIII. For the (110) Os-half/Obr-all surface,
however, steric and electrostatic interactions prevent simple
relaxation to the most stable MnIII or MnII coordination geo-
metry. Mn5 and Mn6 relax toward trigonal planar coordination
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geometries, but they become too close to each other and
experience repulsion. In the end, Mn5 adopts a tetrahedral
geometry, which is unfavorable for MnIII, while Mn6 becomes
octahedrally coordinated. The (100) Obr-all and (101) O2-all
surfaces result from the energetically favorable electron transfer
from a d orbital on the surface manganese to a d orbital on
subsurface manganese. The surface manganese atoms then relax
into the surface toward more stable trigonal planar and square
planar geometries for the (100) and (101) reduced surfaces,
respectively. These new reconstructions thus arise from the
complex interplay between finding optimal d-orbital occupation
andmanganese coordination geometry and optimizing steric and
electrostatic interactions. Due to the lack of surface studies on
β-MnO2, the surface reconstructions presented here are pre-
dictive. These results illustrate rich structural possibilities and
redox behavior of β-MnO2 surfaces, which could be important in
catalytic and sensing applications as well as in oxidation of heavy
metals in the environment. Experimental validation of these
remarkable surface reconstructions might help to develop an
understanding of the role of these surfaces in the complex
processes in which they participate.
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