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The structure and energetics of water on MgO(100) surfaces are studied by atomic force microscopy (AFM) and
density-functional theory (DFT). Computationally, the adsorption of water monomers, small water clusters and
water monolayers on MgO(100) surfaces is considered. The calculations predict the non-dissociative adsorption
for water monomers. The potential energy surface for single monomers is characterized by very low diffusion
barriers. Increasing water coverage leads to the formation of structures containing alternatively dissociated
and molecularly adsorbed water molecules. The magnitude of the calculated adsorption energy per water
molecule increases from 0.57 eV for the water monomer to 0.79 eV for the water monolayer. The present
experimental and theoretical results show furthermore that the stability of MgO(100) surfaces in the presence
of water depends on its pH value. The etching of MgO(100) surfaces in aqueous medium is studied with the
AFM in situ with pH value changing from basic to acidic. While the atomically flat MgO(100) surface remains
stable in basic and neutral pH ranges, it is easily etched when the pH turns below a value of 6. This agrees
qualitatively with the present DFT calculations showing that square pits resulting from the etching reduce the
MgO(100) surface energy in acidic environments.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the chemistry of water/solid interfaces is essential
for the understanding of many phenomena in geology, atmospheric
chemistry, environmental protection, corrosion, sensors, heteroge-
neous catalysis and electronics [1,2]. The surface chemistry of most
air-formed oxide films on metals changes continuously during ambient
storage. The well defined MgO(100) surface has been serving for some
time as a model for water interaction with metal oxide surfaces. For
example, hydroxide formation and carbonaceous pickup have been
quantified at the oxide surface of magnesium [3]. Importantly, hydroxyl
formation and carbonaceous adsorption have been found to have
opposing effects on the ability of organic molecules to form chemical
bonds with the oxide/hydroxide surface. Therefore a detailed
characterization of the oxide surface of magnesium stored in ambient
conditions is necessary prior to the investigation of the controlled
adsorption of organic molecules to this surface. Much work has been
carried out on the macroscopic corrosion of magnesium, but less on
the changes in the chemistry of its oxide in atmospheric exposure. A
clean, unprotected, standard-purity magnesium surface exposed to
en).
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indoor or outdoor atmospheres will develop a film detectable by eye
[4]. In general, atmospheric attack of puremagnesium indampconditions
is believed to result in a superficial MgO layer formed on the pure
magnesiummetal. In an experiment performed by Nordlien, magnesium
has been exposed to ambient atmosphere for 60 min and scratched. After
scratching, it developed afilmdescribed as a densemixture of amorphous
MgO and crystalline Mg(OH)2 (verified by Transmission Electron
Microscopy (TEM) and electron diffraction) [5]. Water adsorption on
the MgO(100) surface has also been studied computationally. First-
principle calculations were performed, e.g., by Giordano et al., by Odelius
as well as by Delle Site et al. [6–8]. From the ab initio calculations, water
dissociation on the atomically flat MgO(100) surface was predicted.
Semiempirical quantum chemistry calculations, on the other hand,
addressed the acidic dissolution of the MgO(100) surface [9]. Recent
studies using atomic force microscopy (AFM) report changes in the
topography of the MgO(100) surface during dissolution. Rectangular/
square pits were reported for the MgO(100) surface in diluted acid (pH
1–2) and in water [10,11]. The pits appear to be of the form of inverted
pyramids and are not always symmetric. These pits displayed edges
several micrometers in length and would take many minutes to form
and reflect the advanced stage of dissolution. Other AFM studies reported
the erosion of steps and edges due to the exposure of MgO to high
humidity. These studies, however, did not report the formation of etched
pits [12–14].
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Here, we explore the structure and energetics of both molecularly
and dissociatively adsorbed water for various coverages by density-
functional theory (DFT) calculations. The potential energy surface
(PES) for surface adsorbed water monomers is determined in order
to address the question of water mobility on the MgO(100) surface.
In addition, the stability of MgO(100) in aqueous media as a function
of the pH value is investigated by in situ AFM as well as by ab initio
total-energy calculations.

2. Experimental

All chemical reagents were of analysis grade and were used without
any further purification. The MgO(100) crystals were purchased at
MaTecK (MaTecK GmbH, Juelich, Germany) with an accuracy of +/
−0.5°, a size of 20 mm×20mm (+/−0.1 mm), a thickness of 0.5 mm
(+/−0.05 mm) and an edge orientation along b010>/b001>. One
side was polished. The surfaces were prepared as follows: before
annealing, the crystals were immersed into 85% phosphoric acid
(Aldrich) for 1 min, rinsed with deionized water (resistivity=18.2 k
Ω) and dried in a stream of nitrogen. The crystals were then annealed
in a high temperature oven (Carbolight, RHF15-3) for 360 min at
1000 °C [15]. For the solutions with the adjusted pH value of 11 and 6,
three base solutions were prepared: NaClO4 (99.99%, Aldrich) as base
electrolyte, NaOH (0.2 mol/l, VWR) and HClO4 (10 mM, Fluka). They
were all diluted to 1 mM to ensure, that every pH value is of the same
ionic strength and then mixed to pH 11 and pH 6. Additionally, the
electrolyte was purged with argon for all measurements to avoid any
effects due to CO2 contamination. Perchlorate was chosen as the anion
because it does not promote the dissolution process by any surface
complexation.

The AFM images were obtained with an Agilent 5100 (Agilent
Technologies) in fluid and all images are of the size 2 μm×2 μm. The
sample was mounted in a purchased open fluid cell with tube
connections, which were connected with a MDSP3f syringe pump
(MMTMicroMechatronic Technologies GmbH, Siegen) for a continuous
fluid exchange, while the flow was adjusted to 500 μl/min. The
cantilevers were of the type NSC19/no Al with the typical resonance
frequency of 80 kHz and a typical spring constant of 0.6 N/m (Mikro
Masch/Anfatec, Oelsnitz, Germany).

3. Theory

The calculations were performed using DFT within the generalized
gradient approximation (GGA) as implemented in the Vienna ab
initio simulation package (VASP) [16,17]. The electron–ion interac-
tion is described by the projector-augmented wave scheme (PAW)
[18]. The electronic wave functions are expanded into plane waves
up to a kinetic energy of 440 eV. This energy cutoff was found to
result in converged lattice parameters and bulk modulus for both
bulk MgO and water (iceIh). The surface is modeled by periodically
repeated slabs. The supercells used here consist of 6 atomic layers
within a 2×3 surface periodicity plus adsorbed water and a vacuum
region equivalent to 6 atomic layers. The 5 uppermost layers as well
as the adsorbate degrees of freedom are allowed to relax until the
forces on the atoms are below 20 meV/Å. The Brillouin zone integra-
tion is performed using 3×3×1 Monkhorst–Pack meshes. We use
the PW91 functional to describe the electron exchange and correla-
tion energy within the GGA [19]. It describes the hydrogen bonds in
solid water (iceIh) in good agreement with experimental results
[20,21].

4. Results

Bulk MgO has rock-salt symmetry with a lattice constant of
0.421 nm. In good agreement with previous studies [6–8], we find
only very small structural relaxations of the clean MgO(100) surface.
We start the adsorption study by determining the PES for a single water
monomer on the clean MgO(100) surface. Apart from the lateral
position of the oxygen atom of water, all structural degrees of freedom
of both substrate and adsorbate were fully relaxed in these calculations.
The calculated data are shown in Fig. 1 (lhs). In order to account for the
fact that energy barriers hinder the free rotation of surface adsorbed
water molecules, the minimum energy geometry for every PES
sampling point was obtained by probing different molecular starting
orientations. As can be seen in Fig. 1 (rhs), the energetic favored
diffusion pathway passes the hollow position as transition state with
an energy barrier of only 0.03 eV.

Starting from the lowest energy adsorption configuration of a single
water monomer on the (3×2) surface unit cell, the water coverage was
systematically increased to six water molecules, corresponding to one
monolayer of water. The corresponding lowest energy structures
obtained from various starting geometries for the respective water
coverage on the MgO(100)-(3×2) surface are shown in Fig. 2. Here
and in the following the notation Mn refers to structures with n water
molecules per (3×2) unit cell. Fig. 3 depicts the adsorption energy
Eads as a function of the number of water molecules adsorbed on the
MgO(100) surface. It is calculated from the energies of the water
adsorbed surface containing n molecules, (En) the gas-phase water
molecule (EH2O) and the clean slab (E0) as:

Eads ¼
En−E0−n � EH2O

n
:

We find the magnitude of the adsorption energy to increase nearly
monotonously with increasing coverage for the different adsorption ge-
ometries, due to the water–water interaction. However, the sign of the
adsorption energy alone does not allow to conclude on the stability of a
specific surface structure. Rather, one has to take into account the
chemical potentials μ(Ai) of the surface constituents Ai in order to
compare interfaces with different stoichiometries energetically (see,
e.g. Refs. [22,23]). The ground state of the surface is determined by
the minimum of the thermodynamic grandcanonical potential

Ω ¼ F−∑iμ Aið Þ � nAi
þ q � EF þ EVBMð Þ

where F=E−TS is the surface free energywhichwe approximate by the
total surface energy E at zero temperature assuming similar entropy
contributions S for different adsorption configurations. In fact, the
differences in vibrational free energy and electronic entropy are typically
several orders of magnitude smaller than the adsorption energies
calculated here, see, e.g. Ref. [24]. The last term on the right hand side
accounts for the energy changes due to a possible surface charge q in
dependence on the electron chemical potential given here by the Fermi
level EF measured relative to the MgO valence-band maximum, EVBM.

If one assumes a neutral and flat, i.e., stoichiometric, MgO(100)
surface in the presence of pure water, the grandcanonical potential
will only depend on the number and chemical potential μ(Η2Ο) of
the water molecules.

Fig. 4 shows the resulting phase diagram. Here two important
values are indicated. Extreme water-rich conditions are marked by a
vertical line denoted μsolid(Η2Ο). This value corresponds to a
MgO(100) surface in equilibrium with bulk water approximated
here by calculations for iceIh. The corresponding calculations for
bulk water (iceIh) reproduce the data obtained in an earlier work of
one of the present authors; given as Ref. [21]. Lower values of
μ(Η2Ο) indicate an increasingly dry environment. The zero-
temperature calculation for gas-phase water molecules is indicated
by another vertical line μgas(Η2Ο). The phase diagram shows that
out of the six energetically favorable structures shown in Fig. 2 only
three structures (besides the clean surface) are in fact thermodynam-
ically stable as well: these are the monomer for low water supply
(M1), the monolayer for water-rich conditions (M6) and a 2×2+1



Fig. 1. (lhs) Potential energy surface (PES) for a water monomer on the MgO(100) surface. (rhs) Energy profile along the white dashed line (favorable diffusion pathway) in the PES.
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cluster for intermediate conditions (M5). Obviously, for very water-
rich conditions structures with coverage exceeding one monolayer
(not considered here) will form.

Next we consider the case where the surface is in equilibrium with
bulk water with a specific pH value. Fig. 5 shows the AFM topographies
all taken in one in situ measurement. The experiment was started at pH
11 and as soon as the image had stabilized the solution was changed
frompH11 to pH 6. The electrolyte output was controlled bymeasuring
the pH value. One can see clearly that the MgO(100) surface keeps the
single crystalline topography in basic pH ranges. This stability is lost
as soon as the pH value turns acidic. As can be seen in Fig. 5 the etching
process does not start from steps, kinks or other specific defects. In
accordance with the square pit etching mechanism already earlier
observed experimentally, see, e.g., Ref. [11], we find a homogeneous
distribution of etch defects that grow deeper with time. The proposed
Fig. 2. Energetically favorable adsorption structures of water on MgO(100). The water
coverage is increasing from monomer (M1) to monolayer (M6). Mg is represented by
silver spheres, O in MgO is represented by red spheres, O in water is represented by
blue spheres and H is represented by white spheres. The unit cell used in the calculations
is indicated.
mechanisms (see also Ref. [9]) involve the step-wise dissolution from
the initial planar MgO(100) surface.

In order to model this process atomically, we consider a scenario
of 4 hydrogen atoms and one water molecule adsorbed on the
MgO(100)-(3×2) unit cell. We do not calculate charges specifically
associated with each H atom because it is beyond the limits of this
density functional theory studies to correlate a specific number of
electrons to specific atomic positions in the unit cell. In accordance
with experimental findings this unit cell is not charged in the basic
pH range (pzc for MgO=12.4 [34]). It is charged to investigate the
stability of the unit cell as a function of the pH value. The chemical po-
tential of the protons increases when the pH value is changing from
basic to acidic. It is considered that Mg atoms are substituted by
two protons. The concept behind this mechanism is based on the
square pits observed by AFM measurements. Water adsorbed on the
surface stabilizes the charged structures. The number of water mole-
cules included in our model structures had to be kept to a minimum
for computational reasons. Even though the model is not realistic at
very basic pH values, it is still very useful to start the modeling from
high pH values to better see the trend as the pH value is lowered
into acidic ranges. The model is realistic for the neutral and acidic
pH ranges. Here and in the following the notation Mxyz+ refers to
structures that have x Mg atoms less and y adsorbed hydrogen
atoms more per (3×2) unit cell; z denotes to the charge state of the
unit cell. Employing the MgO(100)-(3×2) surface unit cell we
investigate by DFT an extensive set of more than 30 configurations
with surface structures including vacancies and adsorbates, both
electrically charged and neutral. The energetically most relevant
structures used to model the square pit etching mechanism can be
seen in Fig. 6. For the calculations with charged supercells we assume
a neutralizing background charge.
Fig. 3. Calculated adsorption energy (per molecule) as a function of the number of
water molecules within the MgO(100) (2×3) surface unit cell.

image of Fig.�2
image of Fig.�3


Fig. 4. Calculated phase diagram of the clean (M0) and water-adsorbed MgO(100)
surface as a function of the chemical potential of water with respect to its bulk value,
approximated here by calculations for iceIh.
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In order to assess the stability of the various model structures we
again calculate the thermodynamic grandcanonical potential. However,
now additional degrees of freedom enter: not only the number of water
molecules, but also the numbers of surfaceMg and O atoms aswell as H
and electrons will not be the same anymore for different structures.
While the chemical potentials of the surface constituents Mg and O
are not independent from each (their sum is here assumed to equal
the MgO bulk chemical potential, for a detailed discussion see, e.g.,
Refs. [22,23]) and the oxygen and hydrogen chemical potential are
related to the water chemical potential, there still remain three degrees
of freedom. They can be chosen to the water, proton, and electron
chemical potentials. In the following we assume the water chemical
Fig. 5. In situ AFM topographies and cross-sections of the MgO(100) surface in water at diffe
acidic. Upper line images represent scans of 2×2 μm2, bottom line images represent zooms
potential to equal μsolid(Η2Ο), i.e., assume the system to be in equilibri-
um with bulk water. The electron chemical potential is assumed to be
fixed at the valence-band maximum (VBM) of the ideal crystal. It is
determined here from the energy difference between a slightly charged
(0.001 e) and a neutral MgO cell (see, e.g., Ref. [25]). For the determina-
tion of the chemical potential of the protons, we follow the approach
suggested, e.g., by Himmel et al. [26] and use:

μ Hþ� �
¼ μ0−pH � 0:05918eV

where μ0 contains the proton solvation enthalpy inwater. The hydrogen
chemical potential is shifted with respect to the H+ chemical potential
by the electron binding energy in hydrogenwith respect to the electron
chemical potential. The former is calculated here again from the
difference in energy between the slightly charged and the neutral gas-
phase hydrogen atom. The present choice of independent and pinned
chemical potentials allows for comparing the stability of the proposed
model structures in dependence on the pH value only. The resulting
one-dimensional phase diagram is shown in Fig. 7. In qualitative
agreement with our experimental findings initial defect structures
(represented here by the M144+ model) become energetically
favorable over the flatMgO(100) surface for pH values below ~7. Larger
defects such as M266+ are stabilized at even lower pH values (around
6). The calculations also predict a tendency for positive surface charging
with lower pH values, at least for electron chemical potentials close to
the MgO VBM. A word of caution is certainly in order with respect to
the calculated phase diagram. Some of the assumptions made for its
construction are certainly approximations. The choice of the Mg
chemical potential, for example, is ambiguous, since the considered
system is not in thermodynamic equilibrium. Also, the number of
structures and charge states that can be considered is certainly limited
and we cannot be sure to include all relevant interface compositions.
rent pH values. The solid/liquid interface indicates dissolution when the pH value turns
of 200×200 nm2. Cross-sections are marked by solid red lines in the zoom ins.

image of Fig.�4
image of Fig.�5


Fig. 6. Top views of some energetically relevant structures used to model the square pit
etching mechanism of MgO(100). Mg is represented by silver spheres, O in MgO is
represented by red spheres, O in water is represented by blue spheres and H is repre-
sented by white spheres. Transparent red regions indicate the etched pits. In M266+ an
inverted pyramidal structure is painted as guide to the eyes. Its sidewalls have
MgO(111) orientation.

Fig. 7. Calculated phase diagram of clean and etched MgO(100) surface structures as a
function of the pH value. Out of the calculated structures only the energetically
favorable models are shown. Positively charged defect structures are favorable for pH
values lower than about 7.
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Additionally, we neglect temperature effects in the chemical potentials.
Still, the theoretical finding that acid environments favor structures set
up according to the square pit etching mechanism lends credibility to
these models and provides a plausible microscopic interpretation of
our experimental results.

5. Discussion

For low values of the water chemical potential, single adsorbed
water monomers are thermodynamically stable. The water molecule
is sitting close to the top position on the Mg atom and binds via the
OH group hydrogen to the next surface oxygen. For increasingly
water-rich environment the M5 (cf. Fig. 2) becomes favorable. The
2×2+1 cluster contains two dissociated water molecules that are
stabilized in a subtle network of hydrogen bonds. For even higher
values of the water chemical potential the calculations predict the
formation of a water monolayer structure (M6 in Fig. 2), where two
out of six water molecules dissociate. Thereby they transfer their
protons to neighboring surface oxygen atoms. The dissociated
molecules are stabilized by molecularly adsorbed water monomers
in their vicinity that adsorb nearly parallel to the MgO(100) surface.
They shift horizontally (with respect to the position of isolated
monomers) and approach closely the dissociated water molecules.
The short oxygen–oxygen distance between these two molecules
and the orientation of their OH group indicate the existence of a
hydrogen bond. Although two water molecules form what can be
regarded as a water dimer, the presence of the substrate noticeably
modifies its properties. This is reflected by a shorter oxygen–oxygen
distance and a dimerization-induced proton transfer towards the
surface oxygen. This situation is similar to that reported already for
the water adsorption on the surface of TiO2(110). In that case, an
enhanced mobility of the hydrogen atom along water-surface
hydrogen bond leads to a coexistence of molecular and dissociated
water, stabilized by a mutual hydrogen bond [27]. The coexistence
of dissociative and molecularly adsorbed water molecules has
recently been found also on other oxide surfaces such as α-
Al2O3(0001) and Fe3O4(0001) [28,29]. Upon adsorption, the OH
bonds of water molecules become inequivalent. This is reflected by
changes of their length with respect to a free water molecule. The
OH bonds incorporated into hydrogen bonding are ~12% longer. The
hydrogens transferred to the MgO surface upon water dissociation
to form OH bonds. The formation of these bonds was earlier assumed
to require surface defects [30]. Our results show that the surface
hydroxyl groups may also exist on an atomically flat MgO(100)
surface. This indicates the possibility that the sharp bands observed
in FTIR experiments [31] arise from dissociated water vibrating on
the intact surface. Furthermore, the spontaneous dissociation
suggests a mechanism, without reference to defects, for the dissolu-
tion of the MgO(100) surface.

The most stable surface of crystalline MgO in vacuum is the (100)
plane. While atoms in the bulk are octahedrally coordinated, atoms at
the (100) surface are typically fivefold coordinated. Low coordination
sites at corners and steps or defect sites are generally accepted as
initiation sites for reactions including dissolution [32]. Interestingly,
this study – in accordance with earlier semiempirical work [9] –

proposes that defects are not necessary to initiate dissolution. While
a thorough theoretical treatment of the dissolution process requires
methodologies beyond the present total-energy calculations (see,
e.g. Ref. [33]) already the present thermodynamic results clearly
show that etching resulting in square pits is energetically favorable
in acid solution. In fact, this is to be expected: as a basic oxide, MgO
naturally has a high affinity for protons. This is reflected in surface
charge measurements of MgO that requires a pH of 12.4 in order to
obtain surface neutrality [34]. For lower pH values, the dominant
charged species are protons. Therefore, it appears plausible that
Mg–O pairs tend to migrate out of the surface plane. The present

image of Fig.�6
image of Fig.�7
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calculations show that the MgO(100) surface may induce water
dimerization and subsequent dissociation within a monolayer of
water. Sidewalls of the inverted pyramids growing as square pits
have MgO(111) orientation (see Fig. 6) and the fully hydroxylated
MgO(111) represents the thermodynamic ground state of MgO in
the presence of water. Mg exposed to water at room temperature
forms an oxide film and is converted to Mg(OH)2 [3], which is stable
in basic ranges of the pH value but not in the acidic ranges. Thus, our
findings are consistent with the Pourbaix-diagram from Ref. [35].

6. Conclusions

In the energetically favored alternating dissociated and molecular
states identified in this study the water molecules dissociate by
transferring a proton to hydroxylate the surface. An important factor
in the stabilization of these structures is the formation of strong
hydrogen bonds from non-dissociated water molecules to the OH in
the adsorbed water layer. This suggests that the maximum number
of dissociated near surface water molecules is likely to be 50%. The
stability of the interface is determined by a subtle balance between
the maintenance of the hydrogen bond network within the water
layer and the formation of hydrogen bonds to the oxide ions in the
surface layer.

In the case of MgO(100) in diluted acid, we have shown that
dissolution can occur from the atomically flat MgO(100) surface
without surface defects. The adsorption of protons and water is
necessary to promote this process. From the thermodynamical point
of view, the square pit etching mechanism is favorable. The probability
of defect and charged arrangements increases significantly as the pH
value decreases. This is in qualitative agreement with our experimental
observations from the AFM.
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