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ABSTRACT: The nanostructuring of rutile MnO2 has been demon-
strated to improve its performance for electrochemical storage and
catalysis. Despite the progress of recent experimental works in exploiting
this to enhance the material’s performance in important technological
systems such as Li-ion batteries the detailed atomic-scale mechanisms still
require explanation. The ability of surfaces and interfaces to produce
intriguing phenomena including superconductivity and magnetism has
been firmly established by intensive research in recent years. In this work
we use density functional theory calculations to demonstrate that key
surfaces of rutile MnO2 possess electronically conducting surface states, in
contrast to the insulating bulk material. The surface band structure
demonstrates that the conducting states are associated with both surface
manganese and oxygen sites. Furthermore, the metallic conductivity is
found to be anisotropic for the (001) surface, which may be exploited in device applications. The implications for the energy
storage capacity and catalytic activity of rutile MnO2 are discussed in light of the need for good electron transport in Li-ion
batteries, supercapacitors, and Li−O2 batteries.

■ INTRODUCTION
Surfaces and interfaces have the ability to produce novel
behavior that is distinct from the associated bulk materials. For
instance, bulk insulators and semiconductors may possess
metallic surfaces.1,2 Furthermore, the interface between two
insulating nonmagnetic oxides, LaAlO3 and SrTiO3, exhibits
superconductivity and magnetism.3 The inherent fundamental
interest in these systems is matched by the potential for
technological exploitation of the diverse array of electronic and
crystal properties that may be achieved by surface and interface
engineering. In this work, we investigate the electronic
properties at the surfaces of the promising electrode and
catalyst rutile MnO2 using first-principles simulations. The
results indicate the tendency to form metallic conductivity at
important surfaces. This behavior is distinct from the insulating
bulk crystal structure and may be important to the good
performance of rutile MnO2 as a catalyst and as an
electrochemical electrode.
Energy storage for hybrid electric vehicles and renewable

energy sources is a pressing technological challenge. Rutile
MnO2 has been the subject of intense investigations in energy
storage systems based on Li-ion batteries,4−8 supercapaci-
tors,9−12 and the topical Li−O2 battery system.13,14 By their
electrochemical nature all of these systems require efficient
transport of electrons, and therefore the development of
materials with enhanced electron conductivity is desirable.
In Li-ion batteries electrons flow around an external circuit

during discharge and then must be transported through the
cathode to the redox active sites. Since many high-capacity
cathodes discovered to date are poor electronic conduc-
tors15−18 their instrinsic electron transport requires improve-

ment in practical cells. Consequently, battery designs typically
incorporate carbon loading to enhance conductivity between
and around electrode particles,19−21 but this also increases the
electrode mass. For this reason the ability to produce metallic
states, or states with improved conductivity, at oxide electrode
surfaces is of practical interest to the battery research
community. The ability to incorporate such phenomena into
battery materials has the potential to both increase rate
performance and enhance the energy density, which are chief
metrics of electrode performance.
When employed as a Li-ion battery cathode nanostructured

rutile MnO2 has also been demonstrated to possess significantly
enhanced capacity4,5,7,8 compared to bulk samples, which have
been shown to not permit significant Li intercalation.4,22,23

Recent first-principles work has suggested that nanostructuring
improves the kinetics for Li-ions to move from the surface into
the material bulk.24 However, surfaces may also affect the
supply of electrons which are essential to the redox reaction
that underpins the energy storage of Li-ion batteries. The
transport of electrons at key surfaces of rutile MnO2 is
addressed in the present work.
In the context of electrochemical electrodes, rutile MnO2 has

attracted particularly strong attention in nanostructured form
since the storage capacity is directly related to the material
surface area. Initial work utilizing bulk rutile MnO2 crystallites
as supercapacitor electrodes11 showed a low capacity of ∼9 F
g−1. However, nanostructured electrodes exhibited improved
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capacitance of 294 F g−1.12 In supercapacitors a chief
mechanism of the energy storage is derived from the presence
of an electric double layer, which forms at the interface between
the electrode and the liquid electrolyte. The double layer refers
to the two oppositely charged layers that form. One layer is
formed by charged ions adsorbing from the electrolyte onto the
electrode surface. The second oppositely charged layer forms
on the inner side of the electrode due to either accumulation or
depletion of electrons. Clearly the formation of this second
layer may benefit from enhanced electron mobility in the
electrode. Consequently, the surface electronic structure of
rutile MnO2 is important to its performance as a supercapacitor
electrode.
Rutile MnO2 has demonstrated good performance as a

catalyst for the oxygen reduction reaction in alkaline fuel cells,25

oxidation of CrIII to CrVI,26,27 oxidation of toxic AsIII to AsV,28,29

and water electrolysis.30 In the context of energy materials rutile
MnO2 has received attention due to its promising performance
in catalyzing reactions in the Li−O2 battery.13,14 Although
recent work has suggested the presence of electrolyte
decomposition in earlier reports31−34 it is likely that the utility
of catalysts will be the subject of future studies.35,36 In the
absence of solvent degradation the Li−O2 cell is based upon
the following reaction:

+ + → =+ − U2Li O 2e Li O , 2.96 V2(g) 2 2
o

(1)

A supply of both oxygen and electrons is required for the
oxidation of Li-ions to proceed. In previous work37 low
formation energies for oxygen vacancy formation at rutile
MnO2 surfaces were demonstrated. The formation of vacancies
may be a key step in supplying oxygen for this reaction. In this
work we investigate the potential to transport electrons to
reaction sites at rutile MnO2 surfaces.
Nanostructuring has been shown to improve the energy

storage properties of rutile MnO2 for both Li-ion batteries and
supercapacitors,9,10,38 and its efficacy as a catalyst.13 With
nanostructuring the proportion of the material that lies at or
near the surface increases. Indeed, the increased role of surface
properties may be critical to the improved performance brought
about by nanostructuring.39

The ability to produce metallic surfaces has been discussed
for spin injection in spintronic devices. However, the typical
doping required to produce metallicity in the semiconducting
materials increases scattering to the detriment of device
performance.40 The ability to engineer surfaces to produce
intrinsic surface metallicity, such as observed in the present
work, has the potential to circumvent these problems.
Pristine rutile MnO2 occurs in the tetragonal space group

P4/mnm (No. 136)41,42 as shown in Figure 1a. The dominant
structural building block is the MnO6 octahedra that are edge-
sharing along the c-axis and corner sharing in the plane.
Alongside in Figure 1b the equilibrium morphology from a
recent density functional theory (DFT) investigation37 is
shown. The elongation of this morphology is consistent with
the large number of needle-like nanostructures that have been
observed to form during experimental synthesis.7,8,13,14 In the
present work we are chiefly concerned with the intriguing
properties at the expressed surfaces, in particular with the
labeled (110) and (001) surface planes. A detailed under-
standing of the atomic-scale and electronic properties of these
surfaces is essential to understanding their important role in
electrochemistry and catalysis.

The potential importance of rutile MnO2 in energy storage
and catalytic applications has provided a strong impetus to
study its surfaces experimentally. An early investigation of
manganese oxide surfaces, including rutile MnO2, applied X-ray
photoelectron spectroscopy (XPS).43 It found evidence for the
surface reduction of rutile above 400 °C, but did not
characterize the surface structure. More recently, electron
energy loss spectroscopy (EELS) has been applied to the
naturally occurring mineral form of rutile MnO2, pyrolusite.
The average valence of the surface was found to be +4.0, in
agreement with the formal valence. Growth of thin films of
rutile MnO2 on the surfaces of other oxides has been
investigated. Chambers and Liang44 used reflection high-energy
electron diffraction to demonstrate the growth of up to six
bilayers of rutile MnO2 on the rutile TiO2 (110) surface. Rutile
MnO2 films have also been grown by Xing et al.45 on the (001)
surface of both LaAlO3 and MgO. In that work the presence of
some reduced Mn3+ was oberved by XPS. We will return to
discuss these observations in light of our findings.
In addition to this experimental work our understanding of

MnO2 has also been aided by computational studies.18,46−49

Maphanga et al.46 applied interatomic force field methods to
characterize low index surfaces of rutile MnO2. Oxford and
Chaka47 applied the Generalized Gradient Approximation
(GGA) in density functional theory (DFT) to consider the
low index surfaces (110), (100), and (101) of rutile MnO2.
They calculated the surface energies of stoichiometric as well as
heavily oxidized and reduced surfaces. Their results indicated
that the stoichiometric surfaces were the most stable at
experimentally accessible conditions. In recent work the present
authors and others have considered the surface energies up to
high Miller index and predicted an elongated morphology that
is consistent with the large number of nanostructures observed
experimentally.37 That work also demonstrated low formation
energies for oxygen vacancies at rutile MnO2 surfaces, which are
likely to be important to its good catalytic performance. This
study extends the analysis of important surfaces to consider the
electronic conductivity.

■ COMPUTATIONAL METHODS
The electronic structure of important surfaces was treated by
DFT as implemented in the VASP code.50 The electronic
structure was calculated using the Generalized Gradient
Approximation of Perdew−Burke−Ernzerhof51 with Hubbard
U corrections (GGA+U). PAW potentials were employed and
the cutoff for the planewave basis set was 400 eV. A minimum

Figure 1. Diagram of (a) the crystal structure of β-MnO2. Large (red)
spheres are oxygen and small (purple) manganese lie inside the
indicated approximate MnO6 octahedra. Note the tunnel structure
along the c-axis. Panel b depicts the equilibrium crystal morphology
predicted by a recent DFT investigation.37
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of 4 × 4 × 4 k-points was used in the Brillouin zone of the
conventional cell for structural relaxation and 10 × 10 × 10 for
calculation of the density of states (DOS). These k-point grids
were scaled appropriately for surface slabs.
The value of the U parameter for our GGA+U calculations

was determined ab initio using Wien2k52−54 in a previous work
conducted by the present authors.18,39 Those studies
demonstrated a good description of lithium intercalation,
band gaps, and magnetic interactions, and we use the same
values of U here. We employ (U − J) = 5.1 eV, for the spherical
part of the interaction for the remainder of this study. Since the
exchange interaction is poorly screened in solids55,56 we employ
an atomic limit value J = 1.0 eV and the fully localized limit
double counting correction.57 All calculations were performed
in a ferromagnetic spin configuration.
The relaxed bulk geometry was used to construct surfaces

with slab geometries for the calculation of ab initio surface
energies using VASP. For the relaxation of the bulk unit cell a
higher planewave cutoff of 520 eV was employed to avoid
errors due to Pulay stress. Surface energies are calculated on the
basis of slabs with a minimum thickness of 15 Å, where for each
surface the slab thickness is increased until convergence of the
surface energy is obtained. A vacuum thickness greater than 20
Å was used throughout to separate the slabs from their periodic
image. All slabs were constructed to possess symmetric top and
bottom surfaces. Full geometrical relaxation of the ionic
positions until the forces fell below 0.02 eV Å−1 was performed
to incorporate surface relaxation effects.

■ SURFACE ELECTRONIC STRUCTURE

The catalytic activity of MnO2 in Li−O2 batteries, water
electrolysis, and other applications is likely to be driven by
processes that enhance the availability of both ions and
electrons to participate in reactions. The reaction for the
formation of lithium peroxide in eq 1 requires the delivery of
two electrons to the reaction site. The first step in electrolysis
in alkaline media involves the removal of an electron via the
step (OH)− → (OH) + e−. Here, we evaluate the ability of
surfaces expressed in the equilibrium morphology of rutile
MnO2 to deliver these electrons by probing the electronic
conductivity at these surfaces.
Figure 2 panels a and b show the electronic density of states

(DOS) arising from slabs constructed for two prominent
surfaces expressed in the equilibrium morphology, the low
index (110) and (001) surfaces. While the bulk electronic

structure in Figure 2c is gapped,18 it is clear that both the (110)
and (001) surfaces possess metallic states at the Fermi level.
The presence of metallic states is identified by a finite DOS at
the Fermi level, while for a nonmetallic system the DOS should
fall to exactly zero. Together the (110) and (001) surfaces
represent 65% of the crystal morphology and consequently
these metallic states may provide electrons to a large effective
area of the surface catalytic sites.
We note that the higher index (211) and (311) surfaces,

which are also expressed in the equilibrium morphology, retain
a small gap in their DOS of approximately 0.2 eV. This finding
presents the potential to optimize the surface electronic
conductivity by synthesizing crystals under conditions that
express desirable surfaces. The value of the calculated gap for
bulk rutile MnO2 is considerably smaller than the isostructural
rutile TiO2,

58 which possesses a gap of 3 eV in the bulk and is
found to possess no metallic states at the stoichiometric (110)
surface.59

We now return to consider the mechanism that gives rise to
the metallic states of the (110) and (001) surfaces. Figure 3

shows the site projected DOS for the near surface layers of the
(110) and (001) surface. The depth of the site relative to the
outer surface layer is indicated on the right-hand axis. From
Figure 3a it is clear that the primary contribution to the metallic
states for (110) arises due to a strongly spin polarized
contribution from the oxygen site in the outer surface layer.
There is also a smaller contribution from an oxygen site at a
depth of approximately 1.75 Å and from two manganese sites

Figure 2. Density of states for energetically preferred surface slabs of
β-MnO2, (a) (110) and (b) (001) in comparison to (c) bulk.

Figure 3. Site projected DOS for atoms in the near surface layers of
(a) the (110) and (b) (001) surface.
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between 2 and 3 Å from the surface. Deeper layers are gapped
in a manner that is consistent with bulk-like electronic
structure. The presence of contributions to the metallic surface
states from spin polarized oxygen sites is consistent with a
recent work by Radin et al.60 on Li2O2.
For the (001) surface in Figure 3b the strongest contribution

to the finite DOS at the Fermi level, that is the hallmark of
metallic character, is due to O and Mn in the outermost surface
layer. As we inspect the DOS for layers deeper toward the bulk
a clear gap quickly re-emerges. The important contribution of
surface sites, for both (110) and (001), emphasizes the strong
connection between the broken coordination due to cleaving
the surface plane and the resultant metallic states. Indeed a
Bader charge analysis at the (110) surface domonstrates that
the surface oxygen sites that contribute to the metallicity also
possess a decreased Bader charge of approximately 6.7 electrons
compared to 7.1 in the bulk. Therefore, these surface sites
indicate a tendency to behave more like an O− hole species and
therefore may be important to catalytic reactivity.
The experimental observation of Mn valence states below the

formal valence of Mn4+ for rutile MnO2 has typically been
attributed to the presence of oxygen vacancies.43,45 However,
the presence of metallic states may also play a role by reducing
the ionicity of Mn sites, as evidenced by the Bader charge
discussion above, and therefore permitting deviation from the
formal valence. Metallic states at the surfaces of other insulating
oxides including Li2O2 have recently been observed.60 The
presence of averaged Mn oxidation states below 3.5 at
manganese oxide surfaces has also been observed by XPS for
spinel-type structures.61

Inspection of the orbitally projected site DOS indicates that
the metallic states are due to a pz orbital. These orbitals run
along the plane of the crystal surface in the [11̅0] direction as
shown for the (110) surface in Figure 4a. Similarly for the
(001) surface, p-orbitals in near surface layers provide the main
contribution to the metallic conductivity. For this surface the
involved p-orbitals are oriented along the surface with their axis
also pointing in the [11̅0] direction as shown in Figure 4b.
These directions are given with respect to the axes of the bulk

cell. Therefore, the metallic surface states at these two surfaces,
though having different terminations after cleaving, are actually
associated with p-orbitals which are oriented in the same
direction with respect to the bulk material. The large
contribution of the surface oxygen sites to the metallic states
as shown in Figure 3 suggests that ease of electron hopping
between oxygen sites is likely to be at play. The potential for
surface reconstructions to impact this mechanism warrants
further investigation.
We may further probe the properties of the conducting

surface states by plotting the wavevector dependent band-
structure. The wavevector dependent bandstructure simply
shows the energy eigenvalue associated with electrons as a
function of their crystal momentum in the lattice. The
bandstructure for the (110) surface slab is plotted in Figure 5
for the set of wavevectors aligned with the [11 ̅0] direction
associated with the surface p-orbitals. It is clear that for both the
spin up states in Figure 5a and the down states in Figure 5b
there exists a dispersion line that crosses the Fermi level. It is
the states near to the Fermi level crossing points that are
important to the metallic properties of this surface. To probe
the nature of these states we overlaid the atomic character
associated with these states. It is very clear that in Figure 5a the
spin up metallic states are dominated by surface Mn sites (c.f.
large purple character of the band crossing the Fermi level).
Furthermore, the spin down channel (Figure 5b) shows that
the metallic states are strongly associated with the surface
oxygen orbitals. In summary this gives definitive evidence that
the surface states are responsible for the metallic character.
Inspection of the bandstructure for the orthogonal wavevector
direction [110] also provides evidence of metallic states. This
suggests that the surface conductivity at the (110) surface is
essentially isotropic, and metallic conduction in all surface
directions should be possible.
The bandstructure for the (001) surface slab is plotted in

Figure 6 for the set of wavevectors aligned with the [11 ̅0]
direction. The spin up bandstructure in Figure 6a possesses just
a single band crossing the Fermi level near the zone center
wavevector, Γ. This state does not possess a character strongly
associated with surface atoms, but rather is free-electron-like
suggesting the presence of states similar to a 2D electron gas.
The spin down bandstructure in Figure 6b possesses a more
complex dispersion near the Fermi level compared to the (110)
surface. Furthermore, the metallic states that cross the Fermi
level possess contributions from both surface O and Mn sites.
There is a band with especially strong surface oxygen character
that crosses the Fermi level approximately halfway to the zone
boundary. This is followed by a band of strong surface Mn
character crossing the Fermi level nearer the zone boundary.
The fact that the projection of each atom type is associated with
different bands suggests that the electron hopping will be O to
O and Mn to Mn, rather than mixed site Mn to O. It is likely
that mixed site hopping will occur instead as a result of
scattering, for instance due to impurities or temperature
fluctuations. In contrast to the (110) surface, inspection of
the (001) bandstructure along the orthogonal [001] direction
indicates gapped states. Consequently, the metallic conductivity
at this surface is not isotropic and is likely to be dominated by
the [11 ̅0] direction.
It may be suggested that the observed metallic states could

be removed by reduction or oxidation of the surface. However,
Oxford and Chaka47 in a recent comprehensive study found the
stoichiometric (110) surface to be stable over most of the range

Figure 4. Charge density associated with metallic surface states at the
(a) (110) and (b) (001) surfaces. Obtained by projecting the charge
density for an energy range ±0.1 eV either side of the Fermi level.
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of experimentally relevant conditions. Furthermore, the small
bulk band gap of rutile MnO2 suggests that the energy cost for
forming metallic states will be low. Therefore, with
appropriately directed synthesis there is the potential to
express surfaces with advantageous metallicity for the
optimization of practical materials. Furthermore, the applica-
tion of GW or hybrid DFT to this problem would be
worthwhile, but because of their large computational expense
for surface slabs is left for future work.

■ CONCLUSIONS

Density functional theory has been employed to deepen our
understanding of the surface electronic structure of rutile
MnO2. The primary finding is that the (110) and (001)
surfaces possess metallic surface states. These states are shown
to be primarily associated with spin-polarized surface oxygen
sites and to a lesser degree surface Mn sites. There is a strong
connection between the broken coordination due to cleaving
the surface and the metallic states. The presence of surface
metallicity may aid the supply of electrons to reactions during
the catalytic activity of rutile MnO2. Bader charges evidence
incomplete Mn−O charge transfer that indicates the surface
sites are not purely ionic. Other surfaces, (211) and (311),
expressed in the calculated equilibrium morphology are,
however, similarly gapped to bulk rutile MnO2. This
demonstrates that the presence of surface metallicity is sensitive
to the specific surface terminations, not just the nature of the
bulk crystal that is cleaved. Furthermore, the metallic states at

the (001) surface are found to be highly anisotropic and give
one-dimensional conduction along the [11̅0] direction.
In light of recent discoveries of superconductivity and

intriguing magnetic phenomena at interfaces, the observed
potential to engineer metallic behavior at the surfaces of this
insulating oxide may provide a new pathway to explore novel
states of matter.
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