
PHYSICAL REVIEW B 84, 205453 (2010)

Density functional theory study of the γ -MnOOH (010) surface: Response to oxygen and water
partial pressures and temperature
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Ab initio thermodynamics was combined with density functional theory calculations to identify stable
γ -MnOOH (010) surface terminations in response to varying oxygen and water partial pressures. Within the range
of accessible oxygen chemical potentials, reduced manganese atoms are not thermodynamically stable at the
surface. Oxidation of the surface by addition of oxygen is favorable at oxygen chemical potentials typically found
in experiments. Entropy drives the removal of H2 from the stoichiometric surface above 603 K under ambient
conditions, in close agreement with the experimental decomposition temperature of 573 K. Molecular adsorption
of water at half-monolayer and monolayer coverages is highly exothermic and significantly lowers the surface
free energy of the clean surface. Dissociative adsorption of water is only possible at monolayer coverage, where
it is stabilized by the formation of a hydrogen-bonding network on the surface. The most thermodynamically
stable surfaces are oxidized surfaces, but the stoichiometric and fully hydrated surfaces may be accessible in
experiments due to slow oxidation kinetics of the surface.
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I. INTRODUCTION

Manganese oxides represent an important class of materials
that show promise in a variety of technological applications,
ranging from catalysis and batteries to water treatment and
sensing.1–9 Because they are prevalent in geological settings
and have significant adsorption capacity, they also play a
critical role in the geochemical cycling of heavy metals.10–14 Of
particular interest is the ability of manganese oxides to oxidize
heavy metal ions, including CrIII11,15–21 and AsIII.12,22–25 In
the environment as well as in technological applications,
knowledge of the structural and chemical properties of man-
ganese oxide surfaces is essential as they are closely linked to
the surface reactivity. Molecular-level understanding of these
surfaces, however, is limited.

γ -MnOOH, also known as manganite, has been the subject
of numerous investigations, especially in the context of
electrochemical applications and heavy metal adsorption and
oxidation. It is the most stable MnOOH polymorph and is
pseudomorphous to rutile-type β-MnO2. It is composed of
edge-sharing MnIIIO6 octahedra linked by shared corners.
Early structural refinements placed γ -MnOOH in the B21/d
space group (Number 14) with eight formula units per unit
cell.26,27 More recently, Kohler et al.28 solved the structure
in the P21/c space group (Number 14), which has only four
formula units per unit cell. These two structural definitions
give the same atomic arrangements. In γ -MnOOH, two distinct
oxygen types are observed. The first of these, O1, is covalently
bonded to the hydrogen atoms, while the second oxygen type,
O2, hydrogen bonds to the hydrogen atoms. The covalent
O-H bonds are arranged antiferroelectrically (AFE) in the
bulk, with every other OH group aligned in the opposite
direction. The tetrahedral coordination sphere of both oxygen
types is completed by three manganese atoms. Each MnIIIO6

octahedron has three O1 and three O2 atoms in its first
coordination shell, with O1 and O2 forming linear O1-Mn-O2
arrangements.

Several experimental techniques have been applied to
γ -MnOOH surfaces in an effort to understand the surface

structure. Perfect cleavage occurs at the (010) surface, and
good cleavage can be obtained at the (110) and (001) surfaces
as well. High-resolution transmission electron microscopy
studies performed on ion-thinned samples of natural manganite
showed that the (010) and (001) surfaces are generally
uniform in appearance and mostly defect-free.29,30 Jun and
Martin31 investigated dissolution of the γ -MnOOH surface as
a function of pH and reductant concentration and used atomic
force microscopy to monitor changes in surface morphology.
The single-crystal surfaces under study were determined to
be predominantly the (010) surface. Before treatment, the
surfaces were flat with step edges. Dissolution occurred
through step retreat and etching. Above a pH of approximately
5.5 with O2 present, surface precipitation competed with
surface dissolution, and hillocks formed on the surface.

Surface composition has been explored in a number of
experimental efforts. It is well known that γ -MnOOH oxidizes
to β-MnO2 in natural systems,29,30,32,33 and it might be
expected that MnIV may exist at the surface under certain
conditions. For example, electron energy loss spectroscopy
in scanning transmission electron microscopy analysis of
a natural powdered sample of γ -MnOOH gave an average
valence of 3.4 due to the presence of β-MnO2.34 X-ray photo-
electron spectroscopy (XPS) has commonly been employed to
determine the oxidation state of manganese at the manganite
surface. Jun and Martin31 found only MnIII at the (010) surface
during reductive dissolution and surface precipitation. Nesbitt
and Banerjee35 also analyzed single crystals and detected MnIII

at the surface, but the exposed surface was not identified.
In other XPS studies, powdered samples were used, and
therefore, it is unclear as to which surfaces contributed to the
results. MnIII was observed in some cases,36,37 while MnIV was
detected by Ramstedt et al.38 after acid treatment. Oku et al.39

were unable to assign an unambiguous valence to manganese in
γ -MnOOH because partial dehydration of the sample occurred
at room temperature in their vacuum system. Some of the
XPS experiments also examined the nature of oxygen at the
manganite surface. A few reports have shown the OH−:O2−
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ratio at the surface to be close to 1:1.35,36 One investigation
demonstrated that the OH−:O2− ratio increased with pH,
possibly as a result of deprotonation of surface-bound water.38

Nesbitt and Banerjee35 identified structurally or chemisorbed
water in the O 1s spectra as did Ramstedt and co-workers.38

Again, it is unknown which surfaces were relevant in these
reports.

Although the small number of surface studies described
here offers some information for building a γ -MnOOH surface
model, there exist significant gaps in the molecular-level detail
that need to be addressed in order to probe chemical properties
and redox behavior of these surfaces. Atomistic modeling
using density functional theory (DFT) has become a reliable
method for examining various surface terminations and finding
stable reconstructions that can be used in the interpretation
of experimental data.40–43 Recently, Xia et al.44 applied DFT
and ab initio molecular dynamics (AIMD) to explore the
perfect (010) cleavage surface of manganite and the effect
of hydration on surface structure. The clean stoichiometric
surface was found to be stable and to exhibit electronic
properties similar to the bulk. Water physisorbed on the
surface, but dissociated water could not be stabilized. It was
concluded that the local water environment controlled the
surface structure and water-water interactions were stronger
than the water-surface interactions, especially when liquid
water was simulated at the surface. While this study thoroughly
addressed surface hydration, the redox behavior of the surface
was not investigated. Here, we present DFT calculations of
reduced and oxidized γ -MnOOH (010) surfaces and compare
their thermodynamic stability to the stability of clean stoichio-
metric and hydrated surfaces under varying oxygen and water
partial pressures across a range of temperatures. Reduction of
the surface is not favorable, but surface oxidation results in
thermodynamically stable surface reconstructions. Although
surface hydration significantly lowers the surface energy
compared to the clean surface, the lowest-energy hydrated
surface is metastable to the fully oxidized surface. Our results
indicate that most experimental work may have observed
unoxidized and kinetically trapped metastable surfaces.

II. METHODS

A. DFT calculations and method validation

Periodic DFT calculations were performed using standard
density functional software.45,46 The generalized gradient ap-
proximation (GGA) formalism of Perdew et al.47 was utilized
with a double-numeric-plus-polarization atom-centered basis
set. The P21/c structure of Kohler et al.28 with four formula
units per unit cell was used. Bulk lattice optimizations were
carried out using (3 × 3 × 3) k points in a Monkhorst-Pack
grid48 and a real-space cutoff of 4.5 Å. Possible spin ar-
rangements for P21/c manganite include nonmagnetic (NM),
ferromagnetic (FM), and three antiferromagnetic (AFM) states
(+−−+, ++−−, +−+−). All AFM structures are lower in
energy than the NM and FM structures, in agreement with
experimental evidence of the AFM character of γ -MnOOH
below 45 K.49 Specifically, the +−−+ structure is the
most stable followed by the ++−−, +−+−, FM, and NM
configurations with energies of 2.1, 52, 125, and 385 meV per

formula unit, respectively, relative to the +−−+ structure.
The +−−+ and ++−− configurations are close in energy
because, in the (010) plane, each manganese is surrounded
by manganese atoms of the opposite spin (the spins alternate
along the [101] and [1̄01] directions). They differ only in that
the +−−+ structure has an AFM arrangement of spins in the
(001) plane, while the ++−− structure exhibits an FM spin
arrangement in this plane.

The optimized bulk lattice constants and bond lengths
for the AFM +−−+ and FM structures are compared to
other DFT-GGA results and to experimental data in Table I.
Generally, the AFM configuration gives better agreement with
experimental data than the FM structure, as expected, but
the calculated FM bulk lattice constants are only 0.69% and
0.50% larger than the AFM ones. Excellent agreement with
the experimental bulk lattice constants28 is achieved for the
AFM structure with calculated values of 5.357 Å (+1.0%) and
5.330 Å (+1.0%) (percent error shown in parentheses). Bond
lengths are overestimated by no more than 2% for the Mn-O
bonds and 4% for the O-H bonds and are in good agreement
with other DFT-GGA results44,50 (Table I). The magnitude of
the spins for the AFM +−−+ configuration is determined
to be 3.73μB and 3.45μB by the Mulliken and Hirshfeld
methods, respectively, which is higher than the experimental
spin moment of 3.3μB.49

The manganite band gap has not been measured experimen-
tally. A band gap of 1.16 eV is calculated for the most stable
structure, but it is likely that the band gap is underestimated,
a known problem in DFT-GGA calculations due to the DFT
self-interaction error. A number of methods have been used
to correct this error, including the DFT + U approach51 and
hybrid functionals.52 Arguments for using these methods to
model manganese oxides are based on the highly correlated
nature of these systems and on the ability of these methods
to correctly predict the band gap of MnO.53–56 However,
it is uncertain how well these methods will predict surface
energies for these systems given the lack of experimental data
with which to compare calculated results. In fact, Franchini
et al.56 found that DFT + U and hybrid functionals both give
incorrect trends for relative formation energies for a number
of manganese oxides, with oxygen-poor compounds being
overstabilized compared to the oxygen-rich ones. While GGA
underestimates formation energies, it predicts the correct trend.
Because we are interested in relative energies of surfaces with
varying amounts of oxygen, GGA should be the most reliable
method for this system.

The (010) surface model was constructed from the op-
timized bulk AFM +−−+ structure, maintaining the spin
ordering throughout the slab. The surfaces of the slab were
related by inversion symmetry and were separated by at least
10 Å of vacuum. A (1 × 1) surface cell with a surface area of
26.1 Å2 was used for all calculations. For the stoichiometric
surface termination, the (1 × 1) surface consists of one O1
atom and one O2 atom in the first atomic layer and two
exposed manganese atoms in the second atomic layer [see
Fig. 1(a) for the layer sequencing]. The slab was treated with a
(3 × 1 × 3) Monkhorst-Pack grid.48 The real-space cutoff was
reduced to 3.5 Å for computational efficiency, but increasing
the real-space cutoff to 5.5 Å led to a difference of no more
than a few meV/Å2 in surface free energy γ . All atoms in
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TABLE I. Theoretical and experimental lattice constants as defined in the P21/c space group and bond lengths for bulk γ -MnOOH AFM
and FM states.

Method Spin ordering a (Å) b (Å) c (Å) β (degree) RMn-O1 (Å) RMn-O2 (Å) RO1-H (Å) RO2-H (Å)

DFT-GGA AFM 5.357 5.330 5.357 114.38 2.006 1.895 1.017 1.604
2.015 1.900
2.363 2.229

DFT-GGA FM 5.394 5.356 5.394 114.38 2.006 1.912 1.020 1.610
2.019 1.927
2.405 2.223

DFT-GGA (Ref. 50) FM 5.309 5.279 5.317 112.90 1.986 1.947 1.114 1.360
1.991 1.955
2.319 2.227

DFT-GGA (Ref. 44)a AFM 5.330 5.348 5.330 113.53 1.99 1.89 1.028 1.552
2.00 1.91
2.39 2.25

XRD (Ref. 26)a AFM 5.27 5.24 5.27 114.49 1.92 1.85
2.30 2.30

XRD/ND (Ref. 27)a AFM 5.28 5.25 5.28 114.52 1.965 1.862 1.022 1.561
1.981 1.884
2.333 2.196

XRD (Ref. 28) AFM 5.304 5.277 5.304 114.38 1.977 1.881 0.98 1.61
1.982 1.893
2.337 2.213

aRedefined from B21/d space group lattice constants.

the slab were optimized using a force tolerance of 0.01 eV/Å.
Optimal slab thickness was determined by convergence of
γ and comparison of the geometries of the central layers to
calculated bulk geometries. At five metal layers, γ is well
converged as are the geometries in the middle of the slab.

FIG. 1. (Color online) γ -MnOOH (010) stoichiometric surfaces
viewed along the [101] direction demonstrating the (a) AFE and (b)
FE orientations of the O-H bonds at the surface. The vertical layer
sequence and the surface atom types are shown in (a). [Mn, purple
(light) sphere; O, red (dark) sphere; H, white sphere].

Oxidation states of the manganese atoms were calculated using
the Mulliken and Hirshfeld spins, which indicate the number of
unpaired electrons on the atoms, and knowledge of the number
of electrons in the system relative to the stoichiometric surface.
The frozen phonon method57 was employed in frequency
calculations with perturbation of atom positions by ±0.53 pm
(0.01 bohr) in each direction.

B. Ab initio thermodynamics

To extend surface energy values calculated at 0 K to
experimentally relevant temperatures and pressures, ab initio
thermodynamics was employed. This theoretical framework
has become an increasingly popular method for identifying
dominant surface terminations under variable temperatures
and pressures.40,41,43,58–67 For a system at equilibrium under
constant temperature and pressure, the thermodynamic behav-
ior is governed by the relationship between Gibbs free energy,
enthalpy, and entropy: G = H − TS. Here, we assume chemical
and thermal equilibriums exist between the surface, the bulk,
and a gas reservoir. The following equation then defines γ as
a function of temperature and pressure,

γ (T ,p) = 1

2A

{
Gslab(T ,p,Ni) −

∑
i

Niμi(T ,p)

}
. (1)

In Eq. (1), Gslab is the Gibbs free energy of the slab, and Ni

and μi are the number and chemical potential, respectively, of
type i atoms. The total Gibbs free energy is divided by twice
the surface area to account for two equivalent surfaces of the
slab.

The Gibbs free energy of the slab can be calculated by
considering the contributions at 0 K and at higher temperatures
separately. At 0 K and pressures below 10.1 MPa, the enthalpy
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is essentially equivalent to the internal energy of the system,60

which is simply the DFT total energy of the slab neglecting the
zero-point energy. The enthalpic and entropic contributions at
finite temperatures are encompassed in the change in Gibbs
free energy due to vibrational energy (including the zero-point
energy) for the slab as well as for the bulk oxide. For these
two components of the system, calculation of the vibrational
component to the free energy involves the mathematical
framework of statistical mechanics. Details can be found in
the thorough treatment by McQuarrie.68 Here, we present only
the final equation for the calculation of the change in Gibbs
free energy due to vibrational energy �Gvib,

�Gvib = kB

∑
i

�vi

(
1

2
+ 1

e�vi
/T − 1

)

− kBT
∑

i

[
�vi

/T

e�vi
/T − 1

− ln(1 − e�vi
/T )

]
. (2)

The summation is over all vibrational frequencies vi , and the
vibrational temperature �vi

is equal to hvi/kB, where h is
the Planck constant and kB is the Boltzmann constant. The
vibrational energy contribution to the Gibbs free energy is
surface dependent as it is highly sensitive to the presence of
OH groups. The different surface structures studied in this
work lead to different magnitudes of this contribution to γ .
For example, γ is lowered by 13 meV/Å2 at 298.15 K when
all surface hydrogen are removed, but full hydration of the
surface with physisorbed water lowers γ by 19 meV/Å2 at the
same temperature.

Because the chemical potential of each atom type must be
equal in all phases at equilibrium, μi can be defined in terms of
the Gibbs free energies of the bulk oxide and of the gas-phase
species,

μMn + 2μO + μH = Gbulk
MnOOH, (3)

μO = 1
2G

gas
O2

, (4)

μH = 1
2G

gas
H2

, (5)

2μH + μO = G
gas
H2O. (6)

As with the Gibbs free energy of the slab, the chemical
potentials of the elements can be determined from the DFT
total energies and enthalpic and entropic contributions to the
Gibbs free energy at finite temperatures. Because of the lack
of relevant experimental data, these contributions to Gbulk

MnOOH
were computed using Eq. (2). For the gas-phase species, the
change in Gibbs free energy as a function of temperature
includes translational and rotational energies as well as
the vibrational energy. The NIST-JANAF tables69 provided
the data for calculating the temperature dependence of μO

and μH. The pressure dependence was determined using the
following equation:

μi(T ,p) = μi(T ,p◦) + 1

2
kBT ln

(
p

p◦

)
. (7)

Physical constraints place boundaries on the range of
accessible μO values. The oxygen-rich limit is characterized

by condensation of O2 on the surface, while the oxide separates
into bulk metal, O2 gas, and H2 gas at the oxygen-poor limit. If
this range of μO values is rescaled so that, in the oxygen-rich
limit, μO is equal to 0 eV, the following relationship defines
the range of accessible μO values:

1
2

(
Gbulk

MnOOH − Gbulk
Mn − G

gas
O2

− 1
2G

gas
H2

)
< μO − 1

2G
gas
O2

< 0.

(8)

The Gibbs free energy of bulk manganese metal Gbulk
Mn

was calculated for collinear AFM α-Mn using DFT-GGA
optimized lattice constants70 and (4 × 4 × 4) k points in a
Monkhorst-Pack grid.48 It was shown by Hobbs et al.70 that a
collinear spin arrangement is a good model energetically for
the real noncollinear system at the optimized lattice constants.
For the Gibbs free energy of O2, we used the experimental
value for the dissociation energy to correct for the well-known
0.9-eV error in the GGA energy as documented in previous
studies.43,47,67 Given that no thermochemical data exist for the
heat of formation of γ -MnOOH, the calculated energies for
bulk manganite, collinear AFM α-Mn, and H2 were employed
along with the corrected energy for the O2 molecule to obtain
a value of −6.68 eV for the heat of formation of γ -MnOOH
at 0 K. The lower limit of μO in Eq. (8) is thus determined to
be −3.34 eV.

It should be noted that μO and μH are independent variables,
and surface hydrogen in equilibrium with both H2 and H2O
need to be considered. At low oxygen concentrations, surface
hydrogen atoms are in equilibrium with H2, and Eq. (5)
applies. When the oxygen partial pressure is high enough,
μH is dominated by equilibrium with water and is therefore
described by Eq. (6). The crossover from equilibrium with H2

to equilibrium with H2O as a function of μO is calculated to be
−2.89 eV by solving Eqs. (5) and (6) for μH and then equating
them. [This crossover is indicated by a vertical dashed line
in Figs. 3(a) and 6(a).] Uncorrected values were used for H2

and H2O atomization energies, as the GGA errors are small,
i.e., 0.13 and 0.042 eV, respectively, consistent with a previous
study.47

III. RESULTS AND DISCUSSION

A. Clean stoichiometric surface

The γ -MnOOH (010) stoichiometric surface is depicted in
Fig. 1. It consists of two types of manganese atoms, Mn1 and
Mn2, which differ in the oxygen atom type in layer 4 to which
they are bonded [see Fig. 1(a) for layer sequencing]. Mn1
is bonded to subsurface O1, while Mn2 bonds to subsurface
O2. Each row of square pyramidal manganese along the [101]
direction contains alternating Mn1 and Mn2. Similarly, the
AFE surface shown in Fig. 1(a) has rows of alternating O1
and O2 atoms along the [101] direction. Mn1 and Mn2 also
alternate along the [1̄01] direction as do O1 and O2. On
the ferroelectric (FE) surface [Fig. 1(b)], all O-H dipoles are
oriented in the same direction. It is formed by the transfer of
hydrogen atoms from O1 in layer 3 to O2 in layer 1 so that all
layer 1 and layer 3 oxygen atoms are chemically equivalent to
O1 and O2, respectively. Both the AFE and the FE surfaces
were optimized, and the FE surface was found to be more
stable than the AFE surface by approximately 3.3 meV/Å2
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TABLE II. Calculated vertical layer spacings d (Å) and percent relaxations with respect to theoretical bulk spacings for stable surface
terminations of the γ -MnOOH (010) surface.

Stoichiometric
AFE

Stoichiometric
FE

O = Mn
AFE O = Mn FE 2H

H2O-Mn
AFE H2O-Mn FE HO-Mn

Layers d %� d %� d %� d %� d %� d %� d %� d %�

x−1a 1.093 0.688 1.474 1.502 1.105
0.985 0.417 1.511 1.519 1.081

1–2 O1b 0.752 +23 0.777 +27 0.288 −53 0.549 −10 0.797 +30 0.672 +10 0.713 +16 0.591 −4
O2c 0.670 +9 0.763 +25 0.241 −61 0.453 −26 0.769 +26 0.650 +6 0.705 +15 0.581 −5

2–3 Mn1 0.546 −24 0.509 −29 0.968 +34 1.200 +67 0.869 +21 0.649 −10 0.599 −17 0.693 −4
Mn2 0.499 −18 0.457 −25 0.844 +38 0.950 +55 0.736 +20 0.585 −4 0.533 −13 0.654 +7

3–4 1.397 +5 1.372 +3 1.196 −10 0.945 −29 0.912 −32 1.353 +2 1.332 0 1.173 −12
4–5 0.566 −8 0.590 −4 0.594 −3 0.588 −4 0.586 −4 0.602 −2 0.622 +2 0.690 +13
5–6 Mn1 0.737 +2 0.712 −1 0.742 +3 0.776 +8 0.792 +10 0.722 0 0.701 −3 0.712 −1

Mn2 0.618 +1 0.673 +10 0.638 +4 0.741 +21 0.778 +27 0.618 +1 0.668 +9 0.667 +9

aValues in first and second rows are for O2−, H2O, or OH− adsorbed on Mn1 and Mn2, respectively.
bStructurally equivalent to O1 in the bulk but chemically equivalent to O2 for the 2H and HO-Mn surfaces.
cStructurally equivalent to O2 in the bulk but chemically equivalent to O1 for FE surfaces.

in γ between 0 and 700 K. These results are consistent with
those of Xia et al.,44 who also determined that the FE surface
is lower in energy than the AFE surface. The preference for
the FE arrangement of O-H dipoles at the surface results from
the fact that O2 is three-fold coordinated on the FE surface,
whereas it is only two-fold coordinated and comparatively
undersaturated on the AFE surface.

The effect of the O2 coordination number at the surface
can be observed in the calculated vertical and lateral surface
relaxations, which are presented in Tables II and III, respec-
tively. Layer 1 O1 undergoes a large outward relaxation of
+23% relative to the bulk on the AFE surface and +27% on
the FE surface. Layer 1 O2 also expands out of the surface by
+25% on the FE surface, but a significantly smaller expansion
is observed on the AFE surface (+9%). Mn1 and Mn2 in
layer 2 show large inward relaxations (−18% to −29%) on
both surfaces, but the layer 2–3 spacing contracts less on the
AFE surface (Table II). The combined effect of the smaller

relaxations of layer 1 O2 and layer 2 manganese on the AFE
surface is to decrease the Mn-O2 bond lengths relative to the
FE surface (1.85 vs 1.95 Å). The short Mn-O2 bonds on the
AFE surface allow the coordinatively unsaturated O2 atom to
draw more electron density from the surface manganese atoms
and to partially satisfy its undersaturation. Another noteworthy
difference in the calculated vertical layer spacings between the
AFE and FE surfaces is the layer 5–6 Mn2-O relaxations (+1%
and +10% for the AFE and FE surfaces, respectively), which
are affected by the layer 3 oxygen coordination. Specifically,
the layer 3 oxygen to which layer 5 Mn2 is bonded changes
from O1 on the AFE surface to O2 on the FE surface. The
stronger Mn2-O2 interaction pulls Mn2 further out of the
surface, and the layer 3 O-layer 5 Mn2 bond length decreases
by 0.10 Å on the FE surface. Small lateral relaxations along the
[001] and [100] directions are observed through layer 5 for both
surfaces (Table III). The most significant lateral relaxations
involve the first two layers, and generally, larger relaxations are

TABLE III. Calculated lateral relaxations (Å) with respect to theoretical bulk spacings for stable surface terminations of the γ -MnOOH
(010) surface.

Stoichiometric
AFE

Stoichiometric
FE O = Mn AFE O = Mn FE 2H H2O-Mn AFE H2O-Mn FE HO-Mn

Layers [001] [100] [001] [100] [001] [100] [001] [100] [001] [100] [001] [100] [001] [100] [001] [100]

1 O1a +0.11 −0.05 +0.14 −0.07 +0.04 −0.08 +0.51 −0.44 +0.59 −0.33 +0.03 −0.02 +0.07 −0.03 −0.17 +0.15
O2b +0.04 −0.02 +0.09 −0.06 +0.01 +0.02 +0.53 −0.25 +0.52 −0.39 +0.01 −0.02 +0.03 −0.02 −0.21 +0.16

2 Mn1 −0.05 +0.04 +0.05 +0.05 +0.07 −0.05 +0.56 −0.32 +0.25 −0.09 −0.04 +0.02 +0.07 +0.04 −0.13 +0.17
Mn2 −0.02 +0.01 +0.02 −0.09 +0.05 −0.01 +0.36 −0.36 +0.09 −0.17 0 −0.01 +0.04 −0.10 −0.15 +0.04

3 +0.03 −0.02 +0.06 −0.03 −0.07 +0.02 +0.05 −0.06 +0.18 −0.09 +0.01 −0.01 +0.05 −0.02 −0.11 +0.08
4 +0.01 −0.01 +0.02 −0.01 +0.01 0 +0.03 −0.03 +0.13 −0.06 +0.01 −0.01 +0.01 −0.01 +0.01 0
5 Mn1 −0.01 0 0 −0.01 +0.02 0 +0.08 −0.04 +0.10 −0.04 0 0 +0.01 −0.01 +0.02 +0.01

Mn2 0 0 −0.03 +0.02 +0.01 0 +0.04 −0.04 +0.07 −0.01 0 0 −0.02 +0.02 −0.02 +0.01
6 0 0 0 0 +0.02 0 +0.08 −0.04 +0.12 −0.06 0 0 0 +0.01 0 +0.01

aStructurally equivalent to O1 in the bulk but chemically equivalent to O2 for the 2H and HO-Mn surfaces.
bStructurally equivalent to O2 in the bulk but chemically equivalent to O1 for FE surfaces.
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observed for the FE surface due to the differences in hydrogen
positions at the surface compared to those in the bulk.

Partial density of states (PDOS) calculations were per-
formed for both the stoichiometric AFE and the FE surfaces.
The resulting PDOS for the surface atoms are shown in Fig. 2
along with the PDOS of bulk γ -MnOOH. Comparison of the
PDOS of the surfaces [Figs. 2(a) and 2(b)] to the PDOS of the
bulk [Fig. 2(c)] illustrates the similar electronic character of
the surface and the bulk and confirms the results of Xia et al.44

In all cases, a band gap of approximately 1.2 eV is observed,
demonstrating that no conducting states appear at the surface.
Considerable overlap of the manganese 3d and oxygen 2p
orbitals between 2.2 and 6.3 eV below the Fermi energy (EF)
reveals covalent bonding at the AFE and FE surfaces [Figs. 2(a)
and 2(b)]. Covalent interactions within the same range are
also observed in the bulk [Fig. 2(c)]. Yet, significant ionicity
is also apparent as both surfaces and the bulk have significant

localization of electrons in the 3d orbitals on manganese shown
by large peaks in the manganese PDOS above −2.0 eV. Xia
et al.44 also reported a combination of covalent and ionic
interactions between manganese and oxygen in γ -MnOOH
based on analysis of atomic charges. Above −2.0 eV, the AFE
surface shows more covalency than the FE surface and the
bulk with good overlap between the manganese 3d and O2
2p orbitals between 0.95 and 1.5 eV below EF [Fig. 2(a)].
The manganese 3d orbitals on the FE surface [Fig. 2(b)]
and in the bulk [Fig. 2(c)], however, interact little with the
O 2p orbitals within this region and shift to lower energies
(between −2.0 and −1.2 eV). This difference between the
AFE and the FE surface electronic structures occurs because
of the short Mn-O2 bonds at the AFE surface that allow more
manganese-oxygen orbital interactions. When O2 covalently
bonds to hydrogen in the FE surface, the majority of the O2 2p
PDOS above −2.0 eV shifts to the O 2p-H 1s orbital interaction

FIG. 2. (Color online) PDOS of the γ -MnOOH (010) stoichiometric (a) AFE and (b) FE surfaces and of (c) bulk γ -MnOOH. (a) and
(b) (Top) Mn1 3d, (middle top) Mn2 3d, (middle bottom) O1 2p, and (bottom) O2 2p. (c) (Top) Mn 3d, (middle) O1 2p, and (bottom) O2 2p.
In (b), O2 is structurally equivalent to O2 in the bulk but chemically equivalent to O1. Majority spin is blue (positive), and minority spin is red
(negative).
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region between −8.1 and −6.9 eV. For both surfaces and the
bulk, additional manganese 3d PDOS appears above −0.75 eV.
The manganese 3d states above −2.0 eV are due to unpaired
electrons, which is consistent with the assigned oxidation
state of high-spin MnIII at the surface and in the bulk based
on the average calculated Mulliken spins of 3.75 and 3.73,
respectively.

B. Reduced and oxidized surfaces

To investigate the change in γ -MnOOH surface structure
in response to varying oxygen and water partial pressures
(pO2 and pH2O), several chemical processes were considered
that could have an impact on surface structure, including
volatility of hydrogen and oxygen that would release H2, O2, or
H2O and would form vacancies as the temperature increases;
dissociation of oxygen and water at exposed undercoordinated
manganese sites; and flexible protonation states of surface
oxygen atoms that can form many different hydrogen bonding
networks. The surfaces constructed by removing atoms from
the stoichiometric surface are labeled by the name and number
of the atoms that are removed per (1 × 1) surface cell. These
surfaces are O1 + H, O2, O1 + O2, O1 + H/O2, O1 + 2H,
and 2H. The first four surfaces, O1 + H, O2, O1 + O2, and
O1 + H/O2, are reduced. The 2H surface contains oxidized
manganese atoms. Other oxidized surfaces are obtained by
adding atomic oxygen to Mn1 (O = Mn1), Mn2 (O = Mn2), or
both Mn1 and Mn2 (O = Mn). These nine surfaces are limiting
cases that address the surface chemical processes outlined
above and allow for comparison of the relative reactivities
of the different types of surface atoms (e.g., Mn1 vs Mn2). For
each surface, all possible arrangements of O-H dipoles at the
surface were explored. Surfaces with two-fold coordinated O2
at the surface are stabilized by hydrogen transfer from layer 3
O1 to layer 1 O2 (see Fig. 1). Specifically, when vibrational
energy contributions to γ are excluded, γ of O1 + H is lowered
by 7.64 meV/Å2, and the O = Mn1, O = Mn2, and O = Mn
FE surfaces are preferred over the AFE surfaces by 1.41, 2.08,
and 20.1 meV/Å2, respectively.

Ab initio thermodynamics results for the lowest-energy
structure of each surface are presented in Fig. 3 (both the
O = Mn AFE and FE surface results are given due to the
large difference in their energies). The surface free energy
phase diagram in Fig. 3(a) is presented as a function of μO,
while the independent variable μH is held at the minimum
for clarity, i.e., all of the hydrogen in the system is bound
to the surface. Similarly, the vibrational contributions to the
energies are not included in Fig. 3(a) because they increase
linearly with temperature and μO is a function of temperature
and pressure. The magnitude of the effect of vibrational
entropy (and, to a minor extent, enthalpy) at finite temperatures
varies for each surface depending on the structure but has
the greatest impact for the hydroxylated surfaces as shown
in Table IV. For the stoichiometric surface, these vibra-
tional energy contributions lower the surface free energy by
14 meV/Å2 at 298.15 K and by 62 meV/Å2 at 600 K. Because
Fig. 3(a) does not incorporate these effects, it offers a first-
order approximation of the relative stabilities of the surfaces
studied. Yet, the data given in Table IV demonstrate that the
relative ordering of the surfaces generally remains unchanged.

FIG. 3. (Color online) Surface free energies of various surface
terminations of the γ -MnOOH (010) surface as determined by
ab initio thermodynamics (a) as a function of μO at minimum μH and
as a function of temperature at (b) pO2 = 20 kPa and pH2O = 3.2 kPa
and (c) pO2 = pH2O = 10−8 kPa. In (a), the vertical solid black lines
bracket the range of accessible μO values as defined in the text. The
vertical dashed black line indicates the crossover between equilibrium
with H2 and equilibrium with H2O. In (b) and (c), the vertical black
line indicates the temperature (573 K) at which γ -MnOOH oxidizes
to β-MnO2 in air.28
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TABLE IV. Calculated enthalpy and entropy contributions to γ at different temperatures for various surface
terminations of the γ -MnOOH (010) surface.

T = 298.15 K T = 600 K

Structure H vib (eV) Svib (meV/K) Gvib (eV) H vib (eV) Svib (meV/K) Gvib (eV)

Stoichiometric 0.96 5.68 −0.73 3.15 10.7 −3.26
O1 + H 0.94 5.72 −0.77 2.97 10.4 −3.25
O2 0.95 5.75 −0.76 3.06 10.6 −3.27
O1 + O2 0.99 6.37 −0.91 3.02 11.0 −3.59
O1 + H/O2 0.97 6.42 −0.94 2.93 10.9 −3.60
O1 + 2H 0.91 5.50 −0.73 2.88 10.0 −3.12
2H 0.92 5.29 −0.66 3.01 10.1 −3.03
O = Mn1 1.04 6.30 −0.83 3.39 11.6 −3.60
O = Mn2 1.04 6.24 −0.82 3.37 11.6 −3.57
O = Mn AFE 1.09 6.52 −0.86 3.54 12.1 −3.73
O = Mn FE 1.07 6.30 −0.81 3.54 11.9 −3.62

In Figs. 3(b) and 3(c), the surface free energies, including
vibrational energy, are shown at two state points that reflect μH

values under ambient and UHV conditions, where temperature
effects for all species are included.

At minimum μH, the stoichiometric surface is the most
stable surface over a significant portion of the range of
accessible μO [Fig. 3(a)]. Removing structural H2O from the
surface (O1 + 2H) leads to a surface 100 meV/Å2 higher in γ

than the stoichiometric surface. None of the reduced surfaces
becomes stable within the range of accessible μO. This result
is reasonable, given the fact that, at pH 7, thermodynamics
dictates that MnII would dissolve from the surface at low pO2

or be reoxidized at high pO2 .31 It should be noted, however,
that we have studied limiting cases, and there may exist
reduced surfaces with lower vacancy concentrations that are
thermodynamically stable at low μO. The O = Mn FE surface,
where both Mn1 and Mn2 atoms are oxidized, is predicted to
be more stable than the stoichiometric one above a μO value of
−0.77 eV. This fully oxidized surface is slightly more stable
than structures where only one surface Mn is oxidized. At
the crossover point, the O = Mn1 and O = Mn2 surfaces,
respectively, are only 9.34 and 13.7 meV/Å2 higher in γ .
These results show that Mn1 is somewhat easier to oxidize
than Mn2. Mn2 cannot donate electrons as readily as Mn1
because Mn2 has three O2− in its coordination sphere, which
strongly pull electrons away from it. Mn1, on the other hand,
has only two O2− in its coordination sphere.

In Fig. 3(b), γ is plotted as a function of temperature at
ambient conditions, modeled as pO2 = 20 kPa and pH2O =
3.2 kPa. The O = Mn FE surface is found to be stable up to
603 K. Above this temperature, the 2H surface becomes the
most thermodynamically stable surface. The gain in entropy
by driving H2 from the surface causes the crossover from the
O = Mn FE surface to the 2H surface. The predicted
temperature at which hydrogen can be removed from the
surface is only 30 K higher than the temperature (573 K)
at which γ -MnOOH oxidizes to β-MnO2 in air.28 UHV
conditions are also studied using pO2 = pH2O = 10−8 kPa. In
Fig. 3(c), it is shown that the crossover temperature between
the O = Mn FE and 2H surfaces simply shifts to lower values.
The O = Mn FE surface may be observed up to a temperature

of 359 K, while the 2H surface is the most stable above
359 K. Oku et al.39 detected dehydration of the γ -MnOOH
surface at room temperature in a vacuum system with a
pO2 below approximately 10−13 kPa. If UHV conditions are
modeled as pO2 = pH2O = 10−13 kPa, then the 2H surface
is calculated to be slightly lower in γ than the O = Mn FE
surface at 298.15 K, which is consistent with the experimental
observations. It should be noted that the stoichiometric,
O = Mn1, and O = Mn2 surfaces are less than 20 meV/Å2

higher in γ than the O = Mn FE surface at the transition
to the 2H surface under all conditions simulated here and
may be accessible, depending on surface preparation methods
and kinetic effects. Given the limited number of surface
terminations explored in this work, we must also point out that
other surface terminations not discussed here may be observed
experimentally. The redox behavior of the γ -MnOOH (010)
surface may be richer than indicated by these results.

Of the surface reconstructions examined above, detailed
structural analysis will only be provided for the O = Mn and
2H surfaces because these surfaces are predicted to be the most
stable under ambient conditions. Unlike the stoichiometric
AFE and FE surfaces, the O = Mn AFE and FE surfaces
exhibit substantially different reconstructions [Figs. 4(a) and
4(b)], explaining the large difference in their γ values, which
is not observed for other AFE and FE surface pairs. On both
O = Mn surfaces, manganyl (Mn = O) groups are formed.
As shown in Figs. 4(c) and 4(d), the Mn1-O bond length is
1.55 Å on both surfaces, comparable to bond lengths calculated
for manganyl groups on β-MnO2 (110), (100), and (101)
oxidized surfaces67 and for ferryl groups on the α-Fe2O3

(0001) surface.71 The Mn2-O bond lengthens from 1.62 Å
on the AFE surface to 1.70 Å on the FE surface. This increase
in Mn2-O bond length results from the formation of hydrogen
bonds between the manganyl oxygen and the hydrogens of
the OH groups at the surface [see Fig. 4(d)], which pull the
oxygen away from Mn2. These hydrogen-bonding interactions
confer significant stabilization to the O = Mn FE surface
relative to the O = Mn AFE surface. They also affect the
degree of oxidation of surface and subsurface manganese. On
the AFE surface, Mn1 and Mn2 are oxidized to MnV with
Mn1 adopting a no-spin configuration and Mn2 assuming a
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FIG. 4. (Color online) γ -MnOOH (010) O = Mn (a) AFE and (b) FE surfaces viewed along the [101] direction, (c) AFE and (d) FE surfaces
viewed from the top along the [010] direction showing manganyl bond lengths in angstroms. Hydrogen bonds formed on the FE surface are
illustrated with dotted lines in (d). [Mn, purple (light) sphere; O, red (dark) sphere; H, white sphere].

high-spin arrangement. Mn1 is no-spin MnV on the FE surface
as well, but Mn2 is oxidized only to high-spin MnIV. The
second electron withdrawn by the manganyl oxygen comes
from layer 5 Mn1, which is oxidized to high-spin MnIV.

Vertical and lateral relaxations for the O = Mn AFE and FE
surfaces are presented in Tables II and III, respectively. Equiv-
alent layers of the two surfaces undergo vertical relaxation
in the same direction, but the magnitudes vary considerably
between the two surfaces. Layer 2 manganese atoms undergo
significant relaxation out of the surface due to formation of
the manganyl groups (Table II). As a result, the O-Mn layer
1–2 spacing is appreciably smaller compared to that of the
stoichiometric surface (by an average of 0.446 Å for the AFE
surface and 0.269 Å for the FE surface), while the layer 2–3
spacing grows by an average of 0.384 and 0.592 Å going
from the stoichiometric AFE and FE surfaces, respectively,
to the O = Mn surfaces. To facilitate hydrogen bonding on
the O = Mn FE surface, layer 2 Mn1 and Mn2 experience
significantly greater outward relaxations than they do on the
O = Mn AFE surface (+67% vs +34% for Mn1 and +55%
vs +38% for Mn2). Layer 1 oxygen atoms also undergo less
inward relaxation on the FE surface (Table II). Because the
hydrogen bonds between layer 1 and layer 3 are broken to
form the hydrogen bonds between the manganyl oxygen and
the hydrogen atoms at the surface, layer 3 oxygen atoms on the
FE surface relax into the surface to a greater degree than those
on the AFE surface (−29% vs −10%). Differences in the layer
5–6 Mn2-O relaxation between the AFE and FE surfaces result
from the same mechanism as described for the stoichiometric
surfaces. The lateral relaxations of the first two layers on the
FE surface are considerably larger than those on the AFE
surface (Table III). Along the [001] direction, the layer 1 and
layer 2 relaxations range from +0.36 to +0.56 Å, while they
span −0.25 to −0.44 Å along the [100] direction on the FE

surface. These large lateral movements enable the formation
of hydrogen bonds at the surface. The lateral relaxations of
the remaining layers on the FE surface and of all layers on the
AFE surface are less than ±0.10 Å (Table III).

The oxidized 2H surface exhibits a reconstruction visually
similar to the stoichiometric surface (see Fig. 1), but significant
differences in vertical and lateral relaxations exist (Tables II
and III, respectively). The layer 1–2 spacing is similar to the
stoichiometric FE surface with O1 and O2 expanding outward
by +30% and +26%, respectively (it should be noted that
layer 1 and layer 3 O1 atoms are chemically equivalent to
O2 on this surface). Unlike on the stoichiometric surface,
layer 2 manganese atoms undergo significant outward expan-
sion of approximately +21% relative to the bulk, while layer 3
oxygen atoms relax toward the bulk by −32%. These changes
in vertical layer spacing result from the lack of hydrogen
bonding at the surface, which normally prevents layer 3
oxygen from falling toward the bulk. The layer 3 oxygen
then also pulls the layer 5 manganese away from the bulk
to gain more electron density from the manganese, thereby
increasing the layer 5–6 spacing (Table II) and decreasing the
layer 3 O-layer 5 Mn bond lengths by an average of 0.43
Å relative to the stoichiometric FE surface. The oxidation of
the surface by removal of H2 gas also causes considerable
lateral relaxations throughout much of the slab (Table III).
The lateral relaxations of layer 1 oxygen atoms are similar
to those for the equivalent atoms on the O = Mn FE surface
(Table III). Generally, the atoms shift along the [001] and
[1̄00] directions with the magnitude of the shift decreasing
moving away from the surface. For the first three layers, this
lateral displacement, combined with the vertical relaxations,
is consistent with the formation of microfissures along the
[210] direction of orthorhombic manganite observed near
the transition front between γ -MnOOH and β-MnO2 and

205453-9



GLORIA A. E. OXFORD AND ANNE M. CHAKA PHYSICAL REVIEW B 84, 205453 (2010)

proposed to result from removal of hydrogen.30 The 2H surface
reconstruction, therefore, demonstrates a possible pathway to
the structural rearrangement that occurs upon oxidation of
γ -MnOOH to β-MnO2. Intriguingly, the oxidation does not
occur layer by layer as layer 2 Mn2 and layer 5 Mn1 are
oxidized to high-spin MnIV, while the rest of the manganese
atoms in the slab maintain high-spin MnIII oxidation states
except layer 5 Mn2, which is low-spin MnIII.

C. Hydrated surfaces

Both dissociative and molecular adsorption of H2O at
half-monolayer and monolayer coverages on the γ -MnOOH
(010) stoichiometric surface were investigated to examine
completion of the surface manganese coordination sphere
due to hydration. A combination of the two adsorption
mechanisms was not pursued because molecular adsorption
is significantly more favorable than dissociative adsorption
and test calculations show that the combination of the two
results in energies comparable to dissociative adsorption
alone. A total of 22 and 11 initial positions were optimized
for half-monolayer and monolayer coverages, respectively. It
should be noted that, although a large number of configurations
of water molecules were examined, it is possible that the
global minima may not have been located and lower-energy
structures than those presented here are possible. At half-
monolayer coverage, H2O is considered to adsorb only on
Mn1 or Mn2. The naming scheme used here reflects the
type of adsorption and the surface manganese on which H2O
adsorbs. The set of surfaces named H2O-Mn1 represents
molecular adsorption on Mn1, and H2O-Mn2 identifies the
set of surfaces with H2O molecularly adsorbed on Mn2.
(At half-monolayer coverage, only molecular adsorption is
exothermic because hydrogen-bonding interactions cannot
stabilize dissociated water.) The H2O-Mn and HO-Mn surfaces
signify molecular and dissociative adsorption, respectively, at
monolayer coverage (on all surface manganese).

Table V lists the adsorption energies �Eads, γ values
at minimum μH and maximum μO (excluding vibrational
energy), and geometrical properties for all unique minima
located. The definition of �Eads is

�Eads = (
E

H2O
slab − Eclean

slab − NH2OE
gas
H2O

)/
NH2O, (9)

where E
H2O
slab , Eclean

slab , and E
gas
H2O are the DFT total energies

of the hydrated surface slab, stoichiometric FE surface slab,
and gas-phase H2O, respectively, and NH2O is the number of
adsorbed water molecules per slab. The lowest-energy AFE
and FE structures are depicted in Fig. 5. At half-monolayer
coverage, H2O adsorption on Mn1 is slightly more favorable
than adsorption on Mn2 (−0.60 vs −0.55 eV). This result is
consistent with Mn1 being somewhat easier to oxidize due
to fewer O2− ligands in its coordination sphere as discussed
previously. In contrast, Xia et al.44 determined that Mn2 is the
preferred adsorption site at quarter-monolayer coverage. Their
lowest-energy structure with H2O adsorbed on Mn1 is similar
to the H2O-Mn1 surface found here with an adsorption energy
of −0.47 eV/H2O, which has weaker hydrogen bonds between
the surface oxygen and the hydrogen of the water (O1-Hw

and O2-Hw) than the lowest-energy structure located in this

study (see Table V). Given the error in DFT energies in this
work, however, the lowest-energy H2O-Mn1 and H2O-Mn2
surfaces can be considered to be degenerate as their difference
in γ is only 2.26 meV/Å2. An FE arrangement of the O-H
dipoles is preferred for the H2O-Mn1 surface [Fig. 5(b)], while
the H2O-Mn2 surface has a more favorable AFE structure
[Fig. 5(c)], in agreement with the results of Xia et al.44

at quarter-monolayer coverage. The energetic differences
between the lowest-energy AFE and FE structures, however,
are essentially nonexistent. The overlayer of H2O molecules
donates hydrogen bonds to the O2 atoms at the AFE surfaces
[see bond lengths in Table V and illustrations in Figs. 5(a)
and 5(c)], satisfying their undersaturation enough to make the
differences between the FE and the AFE surfaces insignificant
energetically. This general observation holds for monolayer
coverage of molecularly adsorbed water as well [H2O-Mn;
Fig. 5(e)] and agrees with the observation of Xia et al.44 that
the O-H dipole orientation at the surface is controlled by the
local water environment. Also of note is the large number of
unique structures found for half-monolayer water coverage
within 5.24 meV/Å2 of each other in γ (Table V). This small
variation in γ along with the relatively long bond lengths
between surface manganese and the oxygen of the adsorbed
H2O molecules Ow (Mn-Ow in Table V) demonstrates that the
interaction between water and the γ -MnOOH (010) surface
is weak. Therefore, surface energies of other configurations
not found in this work can be expected to be similar to those
listed in Table V. These results are consistent with a recent
AIMD study that concluded that water-water interactions were
dominant at the interface as water becomes bulklike close to
the surface.44

Monolayer coverage of molecularly adsorbed water on
the γ -MnOOH (010) surface is more favorable than half-
monolayer coverage with �Eads = −0.69 eV. This result
is not surprising given the additional hydrogen-bonding
interactions at the surface at monolayer coverage compared
to half-monolayer coverage. As shown in Figs. 5(e) and 5(f),
monolayer H2O coverage allows the formation of a hydrogen-
bonding network along the [101] direction, consisting of
average hydrogen-bond lengths of 1.98 and 2.09 Å. Because of
the stronger water-water interactions at monolayer coverage,
the Mn-Ow bonds weaken and lengthen by an average of
0.06 and 0.15 Å for Mn1 and Mn2, respectively, compared
to those on surfaces with half-monolayer coverage. The
oxygen atoms of the water molecules are located between
1.47 and 1.52 Å above layer 1. On the H2O-Mn AFE surface,
the water molecules are closer to the surface to allow for
stronger hydrogen bonding between adsorbed H2O and two-
fold coordinated oxygen at the surface (Table II). Therefore,
the hydrogen bonds and Mn-Ow bonds are generally shorter
on the AFE surface than on the FE surface and give rise to
smaller vertical relaxations at the AFE surface (see Table II).
Similar to the stoichiometric surfaces, layer 1 oxygen and
layer 2 manganese undergo outward and inward relaxations,
respectively, relative to the bulk, but the magnitudes of the
relaxations are reduced nearly in half (see Table II). The layer
of H2O molecules confines the layer 1 oxygen atoms closer to
the surface, while the weak Mn-Ow interaction pulls the layer
2 manganese out of the surface relative to the stoichiometric
surface. Small lateral relaxations are experienced throughout
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TABLE V. Calculated properties of water adsorbed on the γ -MnOOH (010) surface.

Structure Surface OH ordering �Eads (eV/H2O) γ a (meV/Å2) RMn-Ow (Å) RO1-Hw
b (Å) RO2-Hw

c (Å) ROw-Hw
d (Å)

H2O-Mn1 FE −0.60 −0.028 2.39 2.41 1.93
AFE −0.60 −0.003 2.35 2.47 1.80
FE −0.59 0.405 2.39 2.55 2.02
FE −0.58 0.781 2.41 2.57 2.07

AFE −0.58 1.07 2.37 2.59 1.87
FE −0.47 5.21 2.49 2.16 2.19

H2O-Mn2 AFE −0.55 2.23 2.38 2.60 1.83
FE −0.54 2.41 2.43 2.10 2.49
FE −0.54 2.46 2.44 2.63 1.95
FE −0.54 2.48 2.44 1.96 2.45

AFE −0.52 3.02 2.40 2.57 1.90
AFEe −0.49 4.18 2.41 1.91 2.56

H2O-Mnf FE −0.69 −29.6 2.48 2.39 2.22 2.07
2.58 2.20 2.42 1.98

AFE −0.68 −28.7 2.45 2.41 2.13 2.10
2.55 2.18 2.40 1.97

HO-Mnf FE −0.31 −0.931 1.87 2.05
1.88 1.98

aγ is given for minimum μH and maximum μO, excluding vibrational energy.
bStructurally equivalent to O1 in the bulk but chemically equivalent to O2 for the HO-Mn surface.
cStructurally equivalent to O2 in the bulk but chemically equivalent to O1 for FE surfaces.
dDistances between adjacent H2O molecules in the hydrogen-bonding network along the [101] direction.
eSurface O1 and O2 switch identities.
fValues in first and second rows are for H2O or OH− adsorbed on Mn1 and Mn2, respectively.

much of the H2O-Mn AFE and FE surface slabs, as observed
for the stoichiometric surfaces (Table III).

Although dissociated water cannot be stabilized at half-
monolayer coverage, the hydrogen-bonding network along the
[101] direction at monolayer coverage overcompensates for the
unfavorable energetics of dissociation [Fig. 5(g)]. Formation
of the HO-Mn surface is exothermic with a �Eads value of
−0.31 eV, which is still significantly higher than that for
molecularly adsorbed water in both low- and high-coverage
regimes (see Table V). An earlier investigation of γ -MnOOH
(010) hydrated surfaces did not find a stable structure for
dissociatively adsorbed H2O.44 Because of the extra hydrogen
atoms atop each layer 1 oxygen atom, all structural protons
are transferred from layer 1 oxygen to layer 3 oxygen, and
only an FE arrangement of O-H dipoles is found at the
HO-Mn surface. The adsorbed OH− groups are chemisorbed
to surface manganese as demonstrated by Mn-Ow bond
lengths of 1.87-1.88 Å, completing the coordination sphere
of surface manganese. Only when water dissociates at the
surface is the coordination sphere of surface manganese truly
completed. These strong bonds along with the atop hydrogen
atoms on layer 1 oxygen lead to a considerably different
surface reconstruction compared to the clean stoichiometric FE
surface. Similar to the O = Mn surfaces, layer 1 oxygen atoms
undergo inward relaxations, although to a much smaller degree
(approximately −5% relative to the bulk). The adsorption of
OH− groups on layer 2 manganese results in the manganese
moving out of the surface relative to the stoichiometric FE
surface (Table II), but layer 2 Mn1 still experiences a small
inward relaxation of −4% relative to the bulk. Layer 2 Mn2
relaxes out of the surface by +7%. Large vertical relaxations
are observed for layer 3 and layer 4 oxygen atoms (−12%

and +13%, respectively). Layer 1 oxygen and layer 2 Mn1
undergo significant lateral relaxations along the [101̄] direction
(Table III), which lead to stronger hydrogen bonds between
layer 1 oxygen and layer 3 OH− groups than those between
layer 1 OH− groups and layer 3 oxygen on the stoichiometric
FE surface (1.49 vs 1.65 Å). Layer 2 Mn2 and layer 3 oxygen
also experience lateral movement of greater than 0.10 Å along
the [001̄] direction. Lateral relaxations of layers below layer 3
are generally small (Table III).

In Fig. 6, the results of ab initio thermodynamics cal-
culations are shown for the lowest-energy stoichiometric,
H2O-Mn1, H2O-Mn2, H2O-Mn, and HO-Mn surfaces.
Figure 6(a) shows that, even at the minimum μH, all hydrated
surfaces are significantly lower in γ than the stoichiometric
surface. The H2O-Mn surface is predicted to be the most stable
surface over the entire range of accessible μO, and the next
lowest-energy surface, the HO-Mn surface, is 28.6 meV/Å2

higher in γ when the surface is in equilibrium with H2O.
Interestingly, the HO-Mn surface is essentially degenerate
in energy with the H2O-Mn1 and H2O-Mn2 surfaces given
the uncertainty in the calculations, although �Eads is much
lower for molecular adsorption at half-monolayer coverage
than for dissociative adsorption at monolayer coverage (−0.60
and −0.55 eV vs −0.31 eV). The difference in γ values
between surfaces with molecularly adsorbed H2O at half-
monolayer and monolayer coverages is also considerably
larger than their similar adsorption energies would indicate
(see Table V). These results demonstrate the large impact
hydrogen bonding can have on calculated γ values, leading to
predictions of stable surface terminations that differ from those
obtained with simple adsorption energies alone. Surface free
energies at finite temperatures and pressures for μH shown in
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FIG. 5. (Color online) Lowest-energy γ -MnOOH (010) hydrated surfaces viewed from the top along the [010] direction with oxygen and
hydrogen atoms of adsorbed H2O, OH−, and H+ species pictured as black spheres: H2O-Mn1 (a) AFE and (b) FE surfaces, H2O-Mn2 (c) AFE
and (d) FE surfaces, H2O-Mn (e) AFE and (f) FE surfaces, (g) HO-Mn FE surface. Hydrogen bonds are illustrated with dotted lines. [Mn,
purple (light gray) sphere; structural O, red (dark gray) sphere; structural H, white sphere].

Figs. 6(b) and 6(c), however, provide results more in line with
�Eads as hydrogen bonding is destabilized by entropy and
vibrational motions with increasing temperature. At ambient
conditions [pO2 = 20 kPa, pH2O = 3.2 kPa; Fig. 6(b)], the
H2O-Mn surface is predicted to be the most thermodynami-
cally stable up to a temperature of 434 K, above which water
is driven off the surface to give the stoichiometric surface. The
H2O-Mn1 and H2O-Mn2 surfaces, respectively, are only 3.15
and 5.24 meV/Å2 higher in γ at the crossover point, which is
more consistent with the comparable �Eads values for those
surfaces and the H2O-Mn surface. The low pO2 and pH2O of
10−8 kPa used to model UHV conditions shifts the crossover
from the H2O-Mn surface to the stoichiometric surface to
a temperature of 284 K [Fig. 6(c)]. Again, the H2O-Mn1
and H2O-Mn2 surfaces are close in γ at the intersection
temperature.

D. Comparison of oxidized and hydrated surface terminations

Figure 7 combines the ab initio thermodynamics results for
the most stable surface terminations. Under ambient conditions
[Fig. 7(a)] and under UHV [Fig. 7(b)], the O = Mn FE
surface is predicted to be observed, followed by a transition
to the surface oxidized by H2 removal (the 2H surface).
The fully hydrated H2O-Mn surface is only 6.23 meV/Å2

higher in γ than the O = Mn FE surface at 0 K, but
this difference grows rapidly as the temperature increases.
At 298.15 K and ambient conditions, 21.1 meV/Å2 in γ

separates the O = Mn FE and H2O-Mn surfaces, and the

hydrated surface may be accessible, depending on surface
preparation. It is possible that a hydrated surface with γ lower
than that of the oxidized surfaces exists but is not located
in the present study, although the weak coordination of the
water oxygens to the surface manganese suggests different
configurations of water would not have a significant impact
on γ . The stoichiometric surface is increasingly accessible
as a metastable state with increasing temperature (Fig. 7).
These results generally indicate that γ -MnOOH (010) oxidized
surfaces should be observed experimentally, in agreement with
the fact that aging of natural γ -MnOOH is known to involve
oxidation to β-MnO2.29,30,32,33 Yet, most XPS studies have
assigned a 3+ oxidation state to manganese at γ -MnOOH
single crystal31,35 and powder35,36 surfaces. Only under acid
treatment has MnIV been detected at the surface.38 It is,
however, interesting that O 1s spectra are more consistent
with the oxidized surfaces as they have indicated that water
content at the surface is low (or nonexistent) compared to
O2− and OH− content.35,36,38 The O = Mn FE surface
has an O2−:OH− ratio of 1:1 at the surface, which has
been found in a few XPS studies.35,37 Because it is unclear
which surfaces were examined and what surface preparation
techniques were used in some of the experimental work,
direct comparison of the calculated results with experimental
data should be made with caution. The method by which
a surface is prepared is known to have a strong influence
on the observed surface structure because kinetic effects can
essentially trap a surface in a metastable state. An early report
by Hem and Lind33 demonstrated that, while γ -MnOOH is less
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FIG. 6. (Color online) Surface free energies of hydrated
γ -MnOOH (010) surfaces as determined by ab initio thermodynamics
(a) as a function of μO at minimum μH and as a function of
temperature at (b) pO2 = 20 kPa and pH2O = 3.2 kPa and (c) pO2 =
pH2O = 10−8 kPa. Only the lowest-energy surface for each coverage
regime and type of adsorption is shown. In (a), the vertical solid
black lines bracket the range of accessible μO values as defined
in the text. The vertical dashed black line indicates the crossover
between equilibrium with H2 and equilibrium with H2O. In (b) and
(c), the vertical black line indicates the temperature (573 K) at which
γ -MnOOH oxidizes to β-MnO2 in air.28

FIG. 7. (Color online) Surface free energies of the lowest-energy
γ -MnOOH (010) surfaces as determined by ab initio thermodynamics
as a function of temperature at (a) pO2 = 20 kPa and pH2O = 3.2 kPa
and (b) pO2 = pH2O = 10−8 kPa. The vertical black line indicates
the temperature (573 K) at which γ -MnOOH oxidizes to β-MnO2 in
air.28

stable than higher oxides, aging through disproportionation is
kinetically controlled and slow. Therefore, the experimental
data on γ -MnOOH surfaces collected to date may represent
metastable surfaces that are kinetically trapped rather than
the most thermodynamically stable surface. Given the MnIII

oxidation state and the low water content on a number of
these surfaces, they are likely partially hydrated stoichiometric
surfaces. Because the present study ranks only thermodynamic
stability, an oxidized surface is predicted to be observed in the
absence of kinetic limitations. The results of the present work
can be used to explain experimental structural analyses and to
identify the metastable states that persist in precisely controlled
environments.

IV. CONCLUSIONS

The γ -MnOOH (010) surface was studied using ab initio
thermodynamics, with a particular emphasis on identifying
stable surface terminations, exploring the redox behavior of the
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surface, and investigating hydration of the clean stoichiometric
surface. While the clean stoichiometric surface has a low
surface energy, it may only be observed as a metastable
state in experiments. Instead, oxidized surfaces are predicted
to be the most thermodynamically stable surfaces under
environmentally relevant conditions. The O = Mn FE surface
is particularly stable due to the formation of hydrogen bonds
between surface manganyl groups and structural hydrogen.
Under ambient conditions, the crossover temperature from
the O = Mn FE surface to the 2H surface closely matches
the temperature at which γ -MnOOH oxidizes to β-MnO2 in
air (603 vs 573 K). The 2H surface reconstruction may give
insight into the initial oxidation steps for this process. Reduced
surfaces are not found to be stable even under severely reducing
conditions (low μO).

While the bulk exhibits AFE arranged O-H dipoles, an
FE configuration is more stable when undersaturated oxygen
atoms are present at the surface. Hydrogen transfer to these
two-fold coordinated oxygen atoms leads to energetic gains of
no greater than 8 meV/Å2 in most cases. On the O = Mn FE
surface, however, the hydrogen-bonding interactions between
the manganyl groups and structural hydrogen result in a
decrease in γ of 20.1 meV/Å2 relative to the O = Mn AFE
surface when vibrational energy is neglected (inclusion of
vibrational energy leads to a slight decrease in this difference
with increasing temperature). When the stoichiometric surface
is hydrated, hydrogen bonds donated from the adsorbed water
molecules stabilize the AFE surfaces so that they become
essentially degenerate with the FE surfaces.

The hydration results presented in this work are generally
consistent with an earlier AIMD study of water at the
γ -MnOOH (010) surface.44 The weak interactions between

molecularly adsorbed H2O and the surface are demonstrated
by long Mn-Ow bonds and small energetic differences between
a large number of surfaces with half-monolayer coverage.
Molecular adsorption at monolayer coverage is considerably
more stable than half-monolayer coverage due to the formation
of a hydrogen-bonding network along the [101] direction.
This hydrogen-bonding network is also able to stabilize
dissociatively adsorbed water at monolayer coverage. In the
absence of hydrogen-bonding interactions at half-monolayer
coverage, water is unable to dissociate. While the hydrated
surfaces are significantly lower in γ than the stoichiometric
surface at low temperatures and ambient pO2 and pH2O, they
are less thermodynamically stable than the oxidized surfaces at
finite temperatures. As with the clean stoichiometric surface,
the H2O-Mn surface is likely accessible as a metastable state,
especially in light of experimental evidence for strong kinetic
limitations to oxidation of the surface under environmentally
relevant conditions. Therefore, the structural details for the
most stable unoxidized surfaces presented in this work may be
useful in the interpretation of experimental results.
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