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ABSTRACT: In recent years, the nanostructuring of rutile (-
)MnO, has been shown to vastly improve its properties and
performance in a number of technological applications. The
contrast between the strong electrochemical properties of the
nanostructured material and the bulk material that shows
limited Li intercalation and electrochemical capacitance is not
yet fully understood. In this work, we investigate the structure,
stability and catalytic properties of four tilt grain boundaries in
P-MnO, using interatomic potential methods. By considering
the y-surfaces of each of the grain boundaries, we are able to
find the lowest energy configurations for each grain boundary

X x - 1
Of +2Mny,, — V5 +2Mny,, +§Oz(g)

structure. For each grain boundary, we observe a significant decrease in the oxygen vacancy energies in and around the grain
boundaries compared to bulk f-MnO, and also the bulk-like structures in the grain boundary cells. The reduction of Mn*' to
Mn** is also considered and again is shown to be preferable at the boundaries. These energies suggest a potentially higher
catalytic activity at the grain boundaries of -MnO,. The results are also placed into context with recent calculations of f-MnO,
surfaces to produce a more detailed understanding into this important phenomenon.
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1. INTRODUCTION

The need for materials with a higher capacity and energy
storage for various applications including hybrid electric
vehicles and renewable energy sources is an ongoing issue in
materials and energy science. Some major advantages of f-
MnO, as an electrode material and catalyst are its easy
preparation, low cost and low toxicity.' This is especially true
when compared to conventional Co-containing battery
materials like LiCoO,> or Pt-based catalysts for oxygen
reduction reactions (ORRs).”> The search for safer, cheaper
and more efficient energy storage materials has resulted in
considerable research of manganese oxides.*””

One of the most important and active research fields for -
MnO, is its application in Li-ion batteries. Early studies into
bulk $-MnO, showed no significant Li-ion intercalation®®’ as a
possible result of the narrow tunnels present in the rutile
structure.'® However, recent work has shown that nano-
composite and mesoporous #-MnO, samples show good Li-ion
intercalation,”" "> high capacities®'"'* of up to 320 mAh g
and good cycling stability.*'* Furthermore, ac impedance
measurements have demonstrated increased Li diffusion in
nanosized materials.'*"> Despite the clear need for an
understanding of why nanostructuring drastically improves
many of the electrochemical properties of this material, it is
only very recently that the interfaces of this material have been
analyzed in any great detail. So far, the focus has been on
surfaces and their impact on electrochemical properties.”** In
this work, we use computational techniques to produce the first
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assessment of grain boundaries in this material and assess their
potential influence on its electrochemical properties.

In addition to its use as an electrode material, MnO, is also
well-known for its performance in numerous catalytic
processes. Recent efforts have focused on its use in electro-
chemical ORRs, which are essential in a variety of energy
storage and conversion applications including metal—air
batteries and fuel cells.>”*¢ A prime example of this technology
is the Li—O, battery, which is an alternative to conventional Li-
ion batteries and could potentially significantly increase specific
energy density.”'” However, it has been shown that these
batteries are susceptible to overpotentials and rate limita-
tions.”'® Fortunately, studies have suggested that the use of
transition metals nanowires including rutile MnO, reduces
overpotentials as well as improves cycling stability.'” ™!
Although some studies have questioned the usefulness of
such catalysts as a result of electrolyte decomposition,”>* it is
clear that a good understanding of the role these materials have
on ORRs is essential. Tompsett et al.” provide a good overview
of the other catalytic applications of manganese oxides, which
range from the oxidation of Cr** to Cr**** to reduction of
NO,.*®

One other important major application of f-MnO, is as a
supercapacitor. As with Li-ion batteries, bulk #-MnO, shows
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limited applications for supercapacitors”” with a capacitance of
around only 9 F g_l. However, again, nanostructuring of f-
MnO, has been proven to significantly improve the electro-
chemical performance of the material. Nanostructuring of the
material has been shown®® to increase the capacitance to 294 F
g”'. In recent years, graphene and nanostructured MnO,
composites have become a powerful combination in the search
for low cost energy storage and conversion systems with high
performance.”* " It is thought that the cause of this dramatic
increase in capacitance is a result of the greater surface area
exposure as a result of the nanostructuring.2

The impact of interfaces on such electrochemical processes is
still not well-known and this is even more so for grain
boundaries. It is also not clear what the concentration of grain
boundaries is in these nanostructured B-MnO, samples.
Although grain boundaries will play a more significant role in
determining the properties of bulk samples, the grain boundary
concentration in the more electrochemically active nano-
structured samples will be significantly reduced. However,
grain boundaries adjacent to the highly active surfaces in these
samples are likely to be important in influencing the
electrochemical properties. Given the importance of oxygen
vacancy formation in these processes, it is essential that a study
with the focus on grain boundaries is completed to complement
previous surface and bulk studies.

Considering the amount of research focused on -MnO, and
its simple bulk structure, it could be expected that there is a
good understanding of and considerable data available on the
grain boundary structures of this material; unfortunately, this is
not the case. This is true for both experimental and simulation
studies. Works by Sayle et al."*** and Maphanga et al.** focus
on molecular dynamics simulations of the prediction of
electrochemical properties for a variety of MnO, nanoparticles
as well as amorphization and recrystallization of Li-ion insertion
into MnO,. Even in these studies, grain boundaries are only
treated indirectly and are a result of the recrystallization
process. Although data for rutile MnO, grain boundaries is very
limited, there is both a wealth of computational**™® and
experimental’” —>° information for rutile TiO,. Although
structural comparison with TiO, is far from ideal, the two
materials have the same rutile structure, meaning it can still be a
helpful tool for checking the validity of the calculated MnO,
grain boundary structures.

Other than those mentioned previously, all computational
studies of rutile MnO, have focused on the bulk and surface
structures. Franchini et al.*® used density functional theory
(DFT) and hybrid DFT calculations to assess the structural,
electronic, magnetic and thermodynamical properties of
multiple bulk manganese oxides polymorphs. The relative
strengths and weaknesses of each computational approach in
calculating said properties were reported. One recent study’
focuses on the lithiation of bulk f-MnO, using DFT and cluster
expansion calculations. Electrochemical potentials of 3.47 to
2.77 €V are calculated for the lithiation process and Jahn—
Teller distortion occurs as a result of mixed Mn valence states.
This distortion is found to be responsible for asymmetric
deformation during charge—discharge, which results in the
irreversible capacity fading during cycling. DFT+U has also
been used to study the phase stability of K-doped f-MnO,.*!

The simulation of #-MnQ, surfaces has received considerable
attention in recent times. The majority of these works used ab
initio methods; however, one exception is the work of
Maphanga et al.** where interatomic potentials are used to

study low index surfaces of f-MnO,. Two studies by Oxford
and Chaka*** use the generalized gradient approximation
(GGA) to also study low index surfaces. The surface energies of
stoichiometric as well as heavily oxidized and reduced surfaces
are calculated. Surface hydration is also considered. The effect
of oxygen vacancies and hydrogen on the (110) surface of -
MnO, has also been assessed in a joint experimental—
computational study.” This work shows how the catalytic
activity of f-MnO, can be enhanced with only the introduction
of oxygen deficiency. One weakness of the standard GGA is the
poor reproduction of the electronic structure;* this has led
authors to apply on-site Coulombic interactions in the form of
the DFT+U calculations. Mellan et al.** used this approach for
calculating lithium and oxygen adsorption at the (110) surface
of f-MnO,. Tompsett et al.>'* also used GGA+U to consider
the importance of surface to bulk Li-ion migration as well as the
structure of numerous #-MnO, surfaces and the effect oxygen
vacancy formation has on the catalytic properties of these
surfaces. They found that the formation energies of oxygen
vacancies and Mn reduction were low compared to the bulk
and other rutile structures which suggested high electro-
chemical performance of f-MnO, surfaces.

In this work, we use interatomic potential methods to
analyze the stabilities and structures of a variety of tilt
boundaries in f-MnO,. We also predict the potential catalytic
activity of these grain boundaries by calculating oxygen vacancy
and reduction energies and comparing the results to values
obtained for the bulk. We begin by describing the computa-
tional methods and our justification for using such methods.
This is followed by details of the grain boundary construction
and a discussion of their stabilities and structures. Finally, we
discuss the calculated energies of oxygen vacancy formation and
Mn4+ reduction and the consequences for catalytic activity.

2. COMPUTATIONAL METHODS

Although the use of ab initio methods is often preferred for
calculations on systems with complex electronic and magnetic
properties because of their high accuracy, interatomic potentials are
chosen here because of their computational efficiency. When
considering complex, low symmetry structures with supercells
containing several hundred of atoms, it becomes exceptionally
computationally time-consuming to test all the necessary config-
urations and to complete hundreds of calculations of oxygen vacancy
formation or Mn reduction. Conversely, for interatomic potential
methods, both the duration and quantity of the calculations is far more
manageable. There are numerous examples of DFT calculations of
grain boundaries in the literature; however they are usually confined to
around 100 atoms®” when multiple grain boundaries are considered or
only one kind of boundary is simulated with a limited number of
calculations on the obtained lowest energy structure.*® As the results in
this work will show, for most grain boundaries, 100 atoms is not
enough to achieve convergence, as the distance between the two
equivalent grain boundaries is not sufficient, which can result in
unrealistic interactions between the boundaries.

The interionic interactions in this work are simulated using the
Born model for ionic solids. In this model, ions are treated as charged
spheres where the short-range forces are accounted for by the
interatomic potentials and the long-range ionic interactions are treated
using Coulombic terms. The methods discussed in this section are very
well established and comprehensive reviews are available elsewhere.*’
For this work, we use the proven potential model of Maphanga et
al>** Often, interatomic potential models are not adequate in
simulating highly distorted systems with under-coordinated atoms.
However, this potential model was originally fitted for the purpose of
simulating amorphous configurations and not only reproduces the
rutile, ramsdellite and pyrolusite phases of MnO,, but also correctly

dx.doi.org/10.1021/am504351p | ACS Appl. Mater. Interfaces 2014, 6, 17776—17784



ACS Applied Materials & Interfaces

Research Article

predicts their energetic stability.*>** This model has also been
successfully used for a number of other studies of -MnQ,"*** and has
recently been applied to find the lowest energy surface structures of
the material.” The interatomic potentials used to model MnO, in this
work take the Buckingham form:

Vi(r) = ZA exp(—r;/p) —
i r,, (1)

where the symbols have their usual meanings. The charges of the Mn
and O ions are represented by a rigid ion model with partial charges.
The parameters for all the interatomic potentials used in this work are
given in Table 1. A cutoff of 12 A was applied to all of the potentials.

Table 1. Mn—O and O—O Buckingham Potential
Parameters used for f-MnO,

interaction A (eV) p (eV) C (eV A79)
Mn?*—0O"'~ (Mn*) 1553820 0.195 22.00
Mn!$5* -0~ (Mn*) 18645.84 0.195 22.00
Mn?**—Mn>?* 23530.50 0.156 16.00
Mn2%*—Mn!6%* 28707.21 0.156 16.00
Mn! 65 —Mn! 9% 33883.92 0.156 16.00
otl-—ot- 11782.76 0.234 30.22

The f-MnO, structure is presented in Figure 1 and the calculated
and experimental lattice parameters are displayed in Table 2. The

Figure 1. Crystal structure of /-MnO,. The blue spheres at the center
of the octahedra are manganese ions and the red spheres at the edge of
the octahedra are oxygen ions. The narrow tunnel structure can be
observed along the z-axis.

model reproduces the lattice parameters of the bulk f-MnO, structure
to within 2% of experiment.

Point defects and dopant ions are simulated at the infinitely dilute
limit using the Mott—Littleton method.*” The area surrounding the
defect is divided into an inner and outer region. In the inner region
atomic interactions are calculated explicitly, whereas in the outer
region (where the interactions are weaker) they are approximated
using a dielectric continuum method:

Table 2. Experimental and Calculated Lattice Parameters for
p-MnO,

a (&) b (A) c (4)
calculated 4.401 4.401 2.925
experiment™*® 4.398 4.398 2.873

E= El(x) + Elz(xr n + Ez(”l) (2)

where E; and E, are the energies of the inner and outer regions,
respectively, and E, is the energy of the interactions between them.
Atomic displacements are denoted by x and # for the inner and outer
regions, respectively. All the calculations in this work were completed
using the General Utility Lattice Program (GULP).*

3. RESULTS AND DISCUSSION

1. Grain Boundary Structures. The importance of
interfaces in f-MnO, on the materials electrochemical
properties and therefore application in various energy
technologies has been made clear. Through the use of classical
simulations, we can predict the preferred grain boundary
structures and calculate their energetic stabilities. We consider
four tilt grain boundaries in this study: £ 5(210)/[001], £
5(310)/[001], = 13(510)/[001] and X 17(530)/[001]. These
common grain boundaries were chosen, as they provide a wide
variety of grain boundary angles and physical dimensions as
well as being common to the rutile structure. The starting grain
boundary configurations are formed using coincidence site
lattice (CSL) theory where two individual grains are tilted by a
given angle until there surface planes coincide. The 240 atom
unoptimized starting configurations are displayed in Figure 2. It
is essential all grain boundary structures are longest in the z
direction in order to minimize the interactions between the
equivalent grain boundaries at the center and edges of the
supercells.

An issue with simulating grain boundary configurations is
that there are often ions with the same charge in close
proximity at the boundary. This leads to increased Coulombic
repulsion, causing unstable grain boundaries with high energies.
A solution to this problem is to introduce vacancies across the
grain boundary and half the atom density. Thls Froach has
been successfully used for YSZ grain boundaries.*">* However,
this method is usually used when ions at the boundary are in
very close proximity and when y-surface exploration does not
produce sufficiently low enough grain boundary energies. This
is not the case for our chosen rutile MnO, grain boundaries.
Therefore, we address the issue by the common approach of
exploring the y-surface of the grain boundaries. Using rigid
body translations, one grain can be displaced with respect to
the other in various three-dimensional translation states. This
method is crucial in finding the global minimum and works by
calculating the grain boundary energy at each translation. The
grain boundary energy is calculated by

Oup = Egp — Epuik

24 3)
where Ecg and Ey are the energies of the grain boundary and
the bulk supercell, respectively, and A is the area of the
interface. The area of the interface is doubled to account for the
presence of the two equivalent grain boundaries in the
supercell. The energy was calculated as a function of translation
states with increments of about 0.01 nm. This approach has
been used for atomistic simulations of numerous grain
boundaries in many different materials.****~%° Table 3 shows
the lowest calculated grain boundary energy and cell
dimensions for each grain boundary. Our grain boundary
energies were obtained from supercells with 240—360 atoms.
Convergence with grain boundary separation was tested and
achieved using a selection of supercells with fewer atoms and
smaller z cell dimensions.
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Figure 2. Initial structures of the (a) X 5(210)/[001], (b) £ 5(310)/[001], (c) £ 13(510)/[001] and (d) £ 17(530)/[001] S-MnO, grain
boundaries. The grain boundaries are located at the center and edges of the supercells. Large blue spheres are manganese and small red spheres are

oxygen.

It is clear from Table 3 that there is a significant spread in the
energies for the different grain boundary energies. The X
5(210)/[001] grain boundary is the most stable, most likely as
a result of the fact that the interatomic distances between ions
of the same type at the boundary are larger than for the other
grain boundaries. This is supported by the high grain boundary
energy calculated for X 17(530)/[001]. In this grain boundary,
some of the interatomic distances are far shorter than the
typical 1.88—1.91 A Mn—O bonds in bulk f-MnO,. Energies
for the X 5(210)/[001] and X 5(310)/[001] grain boundaries
have been previously calculated for rutile TiO, using computa-
tional methods.*”***® In DFT calculations by Kérner and
Elsisser,”” X 5(210)/[001] (1.92 ] m™2) is also predicted to be

the more stable than ¥ 5(310)/[001] (2.84 ] m™2). Dawson et
al.*® also used DFT to calculate an energy of 1.72 J m™> for &
5(210)/[001], which is marginally higher than the value of 1.70
J m™? calculated using interatomic potential methods.*® All of
these values are higher than our value of 1.53 J m™2. This is
likely to be a result of insufficient cell sizes used in the previous
calculations and the fact that two different rutile structured
materials will not have the exact same grain boundary energies.
It is also possible that rigid body translations were not
considered in some of these works. It is noteworthy that our
results show that convergence is not always proportional to
grain boundary separation.

dx.doi.org/10.1021/am504351p | ACS Appl. Mater. Interfaces 2014, 6, 17776—17784
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Table 3. f-MnO, Grain Boundary Energies, Physical
Parameters and the Number of Atoms Required for
Convergence

grain

cell boundary atom
energy dimensions separation number
grain boundary  (Jm™) (x5, 2) (A) (A) convergence

¥ 5(210)/[001] 153 293, 13.92, 4175 360
83.50

¥ 5(310)/[001] 296 293,984, 39.37 240
78.73

¥ 13(510)/[001] 253 293, 22.44, 25.90 360
S1.79

T 17(530)/[001] 312 2.93, 25.66, 18.87 300
37.74

The optimized, lowest energy grain boundary structures
demonstrate the dramatic impact that rigid-body translations
can have on the final structures. For example, for the X
17(530)/[001] boundary, rigid-body translations reduced the
energy by almost 25%, which clearly illustrates the importance
of thoroughly exploring the y-surface. Figure 3 shows the X

Figure 3. Optimized structure for the £ 5(210)/[001] f-MnO, grain
boundary.

5(210)/[001] grain boundary after rigid-body translations and
optimization. Comparison of Figures 2 and 3 shows that the
translations applied to this grain boundary to achieve the lowest
energy structure are subtle. This to be expected given that the
interatomic distances at the grain boundary of the initial
structure are similar to that of the bulk and as a result this
boundary has by far the lowest energy. While there is some
distortion of the octahedra at the grain boundary, the 6-fold
coordination of the Mn ions and the 3-fold coordination of the
oxygen ions are mostly preserved. However, overcoordination
does occur for a few select at the grain boundary. Our structure
is in good agreement with previous works®”>” that showed no
significant rigid-body contraction or expansion.

To further assess the validity of the £ 5(210)/[001] 5-MnO,
grain boundary, as well as the accuracy of the potential model,
we completed further calculations using DFT. Using the VASP
code®” with PAW potentials and the GGA of Perdew, Burke
and Ernzerhof>® we simulated the lowest energy structure
found using potentials as well as the starting grain boundary
configuration and other selected low energy structures. For a
180 atom supercell, we calculated a grain boundary energy of

17780

1.45 J m™? in excellent agreement with the value calculated
from the interatomic potentials (1.53 J m™2). This value was
also lower than the respective values for the starting
configuration and the other low energy structures. The DFT
calculated structure was also almost identical to the structure
calculated from potentials. We can therefore assume that our
chosen potential model is capable of accurately modeling these
defective structures.

The optimized ¥ 5(310)/[001] grain boundary is given in
Figure 4. For this grain boundary, the distortion is significantly

4-fold Mn coordination

5-fold Mn coordination

Figure 4. Optimized structure for the £ 5(310)/[001] $-MnO, grain
boundary.

stronger. The Mn ions at the center of the grain boundary have
reduced coordination (5-fold or 4-fold), as do a number of the
oxygen ions (2-fold). This structure exhibits a large translation
in the x direction, which causes the unusual 5-fold coordination
of the Mn ion at the center of the grain boundary. A number of
the bonds around the central Mn ions are longer than the usual
equilibrium distances which suggests an unfavorable grain
boundary structure and therefore high grain boundary energy.

The T 13(510)/[001] and £ 17(530)/[001] grain
boundaries are presented in Figures 5 and 6, respectively.
Both grain boundaries show significant under coordination for
ions at the grain boundary. While some of the Mn ions in the X
13(510)/[001] boundary form a kind of bridging structure
where two oxygen ions are shared between two Mn ions, others

Bridging structure

‘Dangling’ oxygen bond

Figure S. Optimized structure for the X 13(510)/[001] f-MnO, grain
boundary.
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Open structure with ‘dangling’ oxygen bonds

Figure 6. Optimized structure for the X 17(530)/[001] f-MnO, grain
boundary.

are left with 4- or 5-fold coordination. There are also a large
number of “dangling” oxygen bonds present at the X 13(510)/
[001] grain boundary. For the X 17(530)/[001] grain
boundary, there are even more undercoordinated oxygen ions
and there is also a larger number of open structures compared
to the other grain boundaries. It has been noted previously that
such open structures and undercoordinated oxygen ions are
likely to be good adsorption sites for hydrogen (and other
dopant ions) when rutile MnO, is used as a supercapacitor
electrode.” These two reasons are also likely responsible for
why this grain boundary is the least stable of the four tested.

3.2. Oxygen Vacancy and Reduction Cluster For-
mation. The formation of oxygen vacancies and the reduction
of Mn*" to Mn®" are essential for the catalytic applications of
MnO,. Numerous studies have illustrated the importance of
these defects for catalyzed reactions like the ORR**~®" and the
enhancement they can have on catalytic performance.”’
Previous work on the energetics of oxygen vacancy formation
is somewhat limited. However, one exception is the work of
Tompsett et al.> where DFT+U was used to calculate oxygen
vacancy formation energies for a number of #-MnO, surfaces.
Oxygen vacancy energies for each surface tested were all lower
than the value obtained for the bulk material. Furthermore, the
calculated values were lower than those for rutile TiO, surfaces.
It is proposed that these favorable oxygen vacancy defects may
play a signifcant role in the favorable catalytic performance of -
MnO,. The results presented here form the first ever
assessment of the energetics of reduction and oxygen vacancy
formation in f-MnO, grain boundaries.

The calculated average oxygen vacancy energies for three
different grain boundary supercell regions are presented in
Table 4. These three sections are defined for the X 5(210)/
[001] grain boundary in Figure 7. By calculating the energies at
the grain boundary core region (R1), the adjacent layers of the
grain boundary (R2) and the bulk-like region (R3) in the
supercell, we can easily decide which area favors oxygen
vacancies and therefore assess the potential contribution to the
catalytic activity.

There are two main points of discussion for the oxygen
vacancy calculations. First, for all the grain boundaries
structures, the vacancy energies are lower at the boundary
and the surrounding area compared to the bulk-like region and

Table 4. Average Oxygen Vacancy Energies for #-MnO,
Grain Boundaries

R1 oxygen R2 oxygen R3 oxygen
vacancy energy  vacancy energy  vacancy energy
grain boundary (ev) (ev) (eV)
¥ 5(210)/[001] 8.58 9.38 9.66
¥ 5(310)/[001] 7.03 7.33 9.68
T 13(510)/[001] 7.66 8.60 9.70
¥ 17(530)/[001] 7.13 7.1 9.65
GB core (R1) Bulk-like region (R3)
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Figure 7. Illustration of the three different supercell regions used for
the oxygen vacancy and reduction cluster calculations.

the value calculated for standard bulk rutile MnO, (9.69 eV).
This is the same as what was observed for oxygen vacancies at
B-MnO, surfaces.” This result suggests that it may not only be
the surfaces that contribute to this materials excellent catalytic
performance, but also the grain boundaries. It is clear that it is
the interfaces of rutile MnO, and not the bulk structure that
determine its catalytic properties. Second, the oxygen vacancy
energies at the interface are highest for the most energetically
stable grain boundary, ¥ 5(210)/[001]. This is to be expected
given that the optimized structure of this grain boundary is the
most simple and the oxygen ions at the boundary maintain their
coordination number. Direct comparison of the values
calculated here and the ones calculated by Tompsett et al.” is
difficult because of the different methodologies used; however,
the similarity in the trends is absolutely valid.

In addition to oxygen vacancy energies, the calculation of the
energy of reduction is important in assessing the impact of the
grain boundary structures on the performance of the material.
In this work, we calculate the energy of reduction clusters,
which consist of an oxygen vacancy and two reduced Mn*" ions.
The formation of this cluster is expressed by

O} + 2Mnf,, — V& + 2Mn},, + %Oz(g) @

The substitution of a Mn®" ion at a Mn*' site was calculated
using the Mn*" interatomic potentials from the Maphanga et
al.*>* potential set. Example reduction cluster configurations
for each region are given in Figure 8. For each oxygen ion, the
two closest neighboring Mn ions were chosen to form the three
defect cluster. By calculating all the defects in one cluster, we
are able to take into account the binding energy between the
oppositely charged defects. The energies of the reduction
clusters in each of the three grain boundary cell environments
are displayed in Table 5.

The results for the reduction cluster energies exhibit the
same main trend as the oxygen vacancy results. Again, the
values at the core and adjacent layers are significantly lower
than the bulk values; however, it is interesting that for two of
the grain boundaries, the energy at the area surrounding the
grain boundary is lower than at the core. This is not the case for
the oxygen vacancies. The reduction energy for the bulk cell
was calculated to be 35.17 V. This is significantly higher than

dx.doi.org/10.1021/am504351p | ACS Appl. Mater. Interfaces 2014, 6, 17776—17784
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Figure 8. Example reduction clusters for each of the three supercell
regions.

Table S. Average Reduction Cluster Energies for f-MnO,
Grain Boundaries

R3 reduction
cluster energy

R2 reduction
cluster energy

R1 reduction
cluster energy

grain boundary (eV) (ev) (eV)
¥ 5(210)/[001] 3322 33.96 3447
¥ 5(310)/[001] 32.39 32.01 34.50
¥ 13(510)/[001] 3247 33.57 34.56
¥ 17(530)/[001] 33.77 32.04 34.41

the calculated values for the bulk-like region and the difference
is also larger than what is observed for the oxygen vacancy
energies calculated for the bulk and bulk-like regions. This
suggests that the grain boundaries can influence the reduction
energy of Mn*" ions that are several layers away. For all the
reduction clusters, the binding energies are strong and negative,
which suggests that oxygen vacancies are stable when in these
defect clusters. Currently, it is unclear how much these
interfaces contribute to the catalytic properties of nano-
structured -MnO,, especially when compared to the surface
activity. However, it is doubtless that these new results warrant
further inverstigation. In subsequent publications, we will
attempt to further assess the contribution of the grain
boundaries to the electrical properties of this material and
also how the results compare to the grain boundaries of other
rutile structured materials like TiO, and RuO,.

4. CONCLUSIONS

In this study, we have used interatomic potential methods to
investigate the structures and stabilities of A-MnO, grain
boundaries and assess their impact on the catalytic properties of
this technologically important material. We have considered
four different grain boundaries and, by exploring their y-
surfaces, we found the lowest energy configurations for each
structure. The X 5(210)/[001] grain boundary was found to be
the most stable with a grain boundary energy of 1.53 J m™>
Although the other three grain boundaries show signifcant
undercoordination and as a result higher grain boundaries, the
oxygen and manganese ions at the ¥ 5(210)/[001] grain
boundary remain fully coordinated. By calculating the average
oxygen vacancy and reduction cluster energies at three different
environments in the grain boundary supercells, we were able to
assess the favored regions for vacancy formation and Mn ion
reduction. Both the oxygen vacancy and reduction energies
were lower at the grain boundary cores and surrounding areas.
This is similar to what has been previously ascertained for -
MnO, surfaces. It is likely that such low energies contribute to
the good catalytic properties of this material; however, it is not
yet known how significant this contribution is for nano-

structured B-MnO,, especially when compared to the high
surface activity.
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