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Abstract The dissociation of water adsorbed on the surface
of NiO was investigated by using the semi-empirical SCF
MO method MSINDO. Simulations were based on embed-
ded cluster models representing the (100) surface, with and
without a monatomic step. The angle formed between the
metal adsorption site and the O–H bond associated with water
has been found to be critical to the energetics of the disso-
ciation process. Based on this criterion, it was shown that
water dissociation is favorable on the stepped surface, but
highly unlikely on the planar surface. In addition, the activa-
tion energy required for water dissociation in a monatomic
NiO step was considerably lower than for dissociation at the
planar surface. The high activation energy associated with
water dissociation on the planar surface is attributed to the
rigidity of the NiO lattice.

Keywords Nickel oxide · Water adsorption · Semiempirical
methods and calculations · Dissociation · Geometrical
criteria · Activation energy

1 Introduction

On dissolution in an aqueous medium, solids undergo a range
of chemical reactions. Water plays an important role in the
dissolution, not only as a transport agent for dissolved compo-
nents, but also as a reactant [1]. Water adsorption onto planar
surfaces of MgO has been frequently studied, yet the debate
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between molecular versus dissociative adsorption still cre-
ates much controversy [2]. Less controversial is the adsorp-
tion of water on the planar NiO(100) surface although the
investigation of this system to date is limited to experimen-
tal approaches. A thorough search through the literature did
not reveal any article claiming water dissociation on the pla-
nar surface. However, water dissociation has been noted on
defective NiO surfaces [3–6].

In a previous theoretical study [7], we have shown that
dissolution can initiate at the perfect planar MgO(100) surface.
MgO is unstable in low pH solution and dissolves readily
at room temperature. The most favorable initial dissolution
pathway involved the formation of square pits via restruc-
turing of the protonated surface. This process relies on the
dissociation of water molecules at the planar surface. Further-
more, a molecular dynamics study by de Leeuw and Parker
[8] has shown that the MgO(100) surface is unstable in liq-
uid water. In contrast to highly reactive MgO surfaces, the
measured dissolution rate of NiO is several orders of magni-
tude smaller [9] under the same conditions. In addition, the
NiO surface does not appear to reconstruct at the outset of
dissolution [10]. Ludwig and Casey [11] proposed that disso-
lution may start at a roughened NiO(111) surface. However,
we cannot find any reports of dissolution initiating from the
planar NiO(100) surface.

The reactivity of NiO is, however, more sensitive than
MgO to preparation conditions. Jones et al. [12] and Pease
et al. [13] reported a strong dissolution rate dependence on
annealing temperature. It appears that the removal of water
(i.e. dehydration) decreases the reactivity of NiO. According
to Parks [14], the incorporation of water into the bulk struc-
ture (i.e. hydrated oxide) alters the surface properties and
reactivity in solution.

For the purpose of the present study, we only consider the
anhydrous form of NiO. Crystalline NiO is face-centerd-cubic
(fcc) and is isostructural with MgO and NaCl. The most stable
surface of these fcc crystals is the (100) lattice plane.

Aqueous dissolution is a complex process and therefore
there is no doubt that several factors control the dissolution
kinetics of oxide minerals in solution. One of them is the
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activation energy for the dissociation of adsorbed water.
According to Henderson [2], water dissociation can reveal
information as to the reactivity of a surface towards other
chemical processes. The purpose of the present study was to
determine if there are any significant differences in the activa-
tion energy and structures resulting from water dissociation
between the planar and the stepped surfaces using quantum
chemical calculations. The results for NiO were compared to
those for MgO obtained with the same method.

2 Method of calculation

The semiempirical SCF MO method MSINDO is based on
the ZDO approximation [15,16]. Only one- and two-center
interaction integrals are evaluated, thus reducing the total
number of integrals for a N -electron system to N2 compared
to N4 in the case of ab initio Hartree-Fock (HF) methods or
N3 for density-functional theory (DFT) based methods. This
enables the investigation of relatively large and complex sys-
tems with low symmetry and hundreds of atoms. In order to
compensate for the neglect of interaction integrals, empirical
parameters are introduced in MSINDO, replacing the ana-
lytical calculation of one-electron two-center integrals [17].
In semiempirical methods only valence electrons are treated
explicitly. For Ni atoms, the 10 electrons of the 4s3d valence
shell, and for O atoms the 6 electrons of the 2s2p valence
shell are taken into account. Contributions of inner electrons
are described by Zerner’s pseudopotential [18].

The present parameter set [18] was optimized using results
from B3LYP calculations of (NiO)n clusters with n = 2
and 4, representing small units of the NiO lattice as well as
experimental data from gas phase molecules. In this way, it
is possible to describe with comparable accuracy gas phase
molecules containing nickel atoms, and NiO bulk and sur-
face properties [18,19] using the same set of parameters. As
demonstrated earlier [17], geometrical and thermodynamic
data of oxygen and hydrogen containing molecules calcu-
lated with MSINDO are also in reasonable agreement with
the literature. Therefore the adsorption studies presented here
can be expected to be qualitatively and even semi-quantita-
tively correct. Geometry optimisation in MSINDO is based
on the Newton-Raphson method [20,21]. The transition-state
structure used to estimate the activation energy was derived
by full-force constant matrix calculations using the Carte-
sian coordinates of selected atoms. Since the transition state
calculation takes much longer than geometry optimization,
only a minimum number of atoms were selected. The en-
ergy threshold for the SCF procedure was set at a moderately
accurate value, 1 × 10−6 Hartree, in order to further reduce
the computational effort.

Two-dimensional periodic structures (slab models) pro-
vide a more accurate description of long-range Coulomb
interactions than cluster models. However, cluster models are
more appropriate for describing local effects, such as the for-
mation of surface defects. Periodic approaches require large

super-cells to prevent defect interaction and therefore are
computationally costly. In MSINDO, an embedding proce-
dure has been introduced that describes the long-range Cou-
lomb interactions of the ionic environment and also approxi-
mates short-range interactions of the cluster’s surroundings,
in order to minimize boundary effects [22].

Bulk and surface properties of NiO calculated with
MSINDO, were reported in a study by Bredow et al. [19].
Models based on the cyclic cluster approach were compared
to free and embedded clusters. The calculated unit cell param-
eter and heat of atomization agreed well with accurate
experimental data. The experimental band gap, 3.8 eV, is
overestimated, but the MSINDO result (6.8–7.0 eV) is still
an improvement to HF derived values since semiempirical
methods mimic the inclusion of electron correlation, which
is absent in pure HF calculations. Surface properties namely
relaxation, rumpling and relaxation energy were also derived
for the different models. The properties calculated for the
cyclic and embedded models in particular agree well with
the experimental values.

The adsorption energy calculated using the original
MSINDO method for molecular water at low coverage on
MgO(100) agrees well with the best experimental value at
zero coverage [23]. However, the dissociated form of water
was found to be overly stable as compared to the molec-
ular form [24], in contradiction to previous high-level cal-
culations. Therefore, an empirical correction for the O–H
bond in MSINDO was introduced in the previous MgO study
[7]. Consequently, the adsorption energies for dissociated
water on MgO are comparable to values from high accu-
racy studies. The same correction was used in this study
on NiO.

In the present calculations the electronic structure of NiO
is simplified. Instead of the antiferromagnetic AF2 ground
state a ferromagnetic state was considered. In earlier MSIN-
DO investigations it was found that the energetic difference
between antiferromagnetic and ferromagnetic states is small,
in agreement with experiment [19]. It was assumed that every
Ni ion has a s0d8 configuration with two unpaired electrons
in the d shell. Therefore, the multiplicity of the Ni128O128
cluster is 257. This state was treated with the unrestricted HF
method.

3 Planar surface

A stoichiometric neutral Ni128O128 cluster embedded in a
finite array of pseudo atoms was used as the model for the
planar surface region. The central 256 atoms were arranged
in an 8 × 8 × 4 quadratic block (representing 8 atoms in
the x- and y-directions, and 4 atoms in the z-direction). The
cluster shown in Fig. 1 is surrounded by two layers of pseudo
atoms in the ±x, ±y and −z directions, resulting in an over-
all 12 × 12 × 6 arrangement. The surface size was chosen
to be as large as possible (within the limitations of available
computer resources) in order to minimize boundary effects
for the innermost surface atoms.
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Fig. 1 The embedded 8×8×4 NiO cluster with 6×6×2 relaxation (NP) representing the planar surface region: relaxed nickel and oxygen atoms
are denoted Ni and O, respectively while fixed nickel and oxygen atoms are denoted Ni(R) and O(R), respectively

3.1 Models with 6 × 6 × 2 relaxation

Surface relaxation energies determined previously by
MSINDO calculations on MgO were much closer to high
accuracy calculations if only the inner 6 × 6 × 2 atoms were
relaxed rather than all the atoms of the top 8×8×2 layers [25].
Therefore, the relaxed planar model (NP) shown in Fig. 1 in-
volves optimization of the inner 6×6 surface atoms and the
inner 6×6 atoms of the second layer while the remaining
atoms were fixed at their bulk positions.

In Fig. 2, models representing molecular and dissociated
water adsorption on the relaxed 6×6×2 surface are denoted
NPMOL and NPDIS, respectively. For molecular adsorption,
the parallel configuration is shown. Although this is not as
stable as the tilted structure, the difference between these con-
figurations is only 6 kJ mol−1 according to a similar study on
MgO(100) by Tikhomirov and Jug [26]. The oxygen atom
of the water molecule binds to a metal site while the hydro-
gen atoms of the water molecule hydrogen bond to lattice
oxygen sites separated by 90◦ about the nickel site. This ori-
entation has also been reported in theoretical studies of water
on planar MgO(100) [24,27,28].

From a molecular dynamics study of water adsorption
on the MgO surface, Langel and Parrinello [29] proposed
a set of criteria for water dissociation. According to Langel
and Parrinello [29], the strength of the hydrogen bond from
water to lattice oxygen sites is characterized by the distance
between the oxygen atom of the hydroxyl group and the oxy-
gen adsorption site (referred to as RO··O distance) together
with the angle formed by the hydroxyl group relative to the
hydrogen bond, given as �O–H··O [29]. A short RO··O distance

and a �O–H··O angle close to 180◦ corresponds to a strong
hydrogen bond. The angle defined by the M–O bond between
water and the metal site with the dissociating O–H bond was
defined as �Mg–O–H. It was suggested by Langel and Parri-
nello [29] that the �Mg–O–H angles play a crucial role in the
enhanced chemical activity of the step defect and cannot be
exclusively attributed to oxygen atoms of reduced coordina-
tion. Consequently, structures and reaction pathways, which
include �Mg–O–H angles lower than about 90◦ seem to be
highly improbable.

Due to the lack of reference data for NiO, geometri-
cal parameters and adsorption energies for the NiO system
are compared to MgO calculations obtained with MSINDO.
Adjacent to the ball and stick models shown in the figures
are lines for selected bond angles and distances. For the pur-
pose of this study, we prefer to use the �O∼H∼O notation to
indicate that the H-atom is transferred from the O-atom of
water to a lattice O-site. Instead of the �Mg–O–H notation, we
use �Ni–O∼H to indicate that the OH bond is broken during
dissociation (for NiO). In addition, we also consider the bond
length between the metal adsorption site and the oxygen atom
associated with water or the OH fragment (RNi–OH). The dis-
tance between the hydrogen fragment of water and the des-
ignated oxygen adsorption site is denoted RNiO∼H. The bond
distance between the metal and oxygen adsorption sites, i.e.
the bond in line with the dissociating O–H bond, is denoted
RNi–O. The bond length of the dissociating O–H bond in wa-
ter is designated RO∼H. The H–O–H bond angle of water,
and the angle defined by the dissociating O–H bond relative
to the newly formed O–H bond are denoted as �H–O∼H and
�O∼H∼O, respectively. The geometrical parameters shown in
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Fig. 2 Molecular and dissociative adsorption for single water molecule on the planar NiO surface with 6×6×2 relaxation; selected distances
and bond angles highlighted by lines are labeled 1–8: (1) RNi–OH, (2) RNiO∼H, (3) RNi−O, (4) RO∼H, (5) RO··O, (6) �H−O∼H, (7) �O∼H∼O and (8)
�Ni−O∼H

Fig. 2, namelyRNi–OH,RNiO∼H,RNi–O,RO∼H,RO··O,�H–O∼H,
�O∼H∼O and �Ni–O∼H, are labeled 1–8, respectively.

For molecular adsorption on the planar MgO surface,
Langel and Parinello [29] reported the parameters RO··O (la-
bel 5) and �O∼H∼O (label 7) as 2.60Å and 160◦, respectively.
In comparison, the corresponding values in Table 1 for NiO
are 2.68Å and 123◦, respectively. This would suggest that
the hydrogen bond between water and the NiO surface is
not as strong as for MgO. However, for a method-consistent
comparison, these values need to be compared to MSINDO
results for MgO [30]. Shown in parenthesis, the correspond-
ing values for MgO are 2.65Å and 126◦, respectively. There-
fore, according to MSINDO calculations, hydrogen bonding
is equally strong for both oxides. For �Ni–O∼H (label 8, or
�Mg–O∼H in the case of MgO), Langel and Parrinello cal-
culated 80◦ for the planar MgO surface. Since this value is
below the 90◦ threshold, it would indicate that dissociation
is not favorable. In contrast, the 95◦ calculated with MSIN-
DO would suggest that dissociation is likely to initiate on the
planar MgO surface. For planar NiO, the �Ni–O∼H value at
89◦ would indicate that dissociation is a slightly unfavorable
pathway. The remaining NPMOL geometry parameters have
similar values as for the corresponding MgO model except
for RNi–O (label 3, or RMg–O in the MgO case) [30]. The
RNi–O value shown in Table 1 for the dry surface (NP) is
2.06Å. The 2.13Å value for NPMOL indicates a 3% increase
in this bond length due to molecular adsorption. For MgO,

molecular adsorption increases the corresponding bond length
considerably more, by 11% [30].

The RO··O and �O∼H∼O values (labels 5, 7, respectively)
of the dissociative model NPDIS are similar to corresponding
values of the NPMOL model. This would indicate that hydro-
gen bonding associated with the NPDIS model is of equal
strength to the NPMOL model. This result was also obtained
for the corresponding MgO models [30]. The �Ni–O∼H value
(label 8) for NPDIS with 76◦ is significantly lower than the
90◦ threshold. Therefore, the decrease in this parameter with
respect to the NPMOL value indicates an unfavorable reaction
pathway. For MgO, the �Mg–O∼H value also decreases in the
dissociative adsorption structure compared to the molecular
form, however, it was still close to 90◦. Therefore dissociation
on the planar MgO surface would appear to be a borderline
case. However, Langel and Parrinello [29] also calculated
�Mg–O∼H = 90◦ for the dissociated structure in the MgO step
and concluded that dissociation was favorable. The proposed
transfer of the hydrogen fragment from water to the NiO sur-
face can be seen by the different values of RNiO∼H and RO∼H
(labels 2 and 4, respectively) for NPMOL and NPDIS. With
respect to the dry surface, dissociative adsorption on NiO in-
creases the distance between the adsorption sites (RNi–O, la-
bel 3) by 11%. This value is significantly larger than the value
for molecular adsorption. For MgO, dissociative adsorption
increases the corresponding metal-oxygen bond by a con-
siderable 25%. Therefore, dissociative adsorption is more
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Table 1 Calculated bond lengths RNi–OH, RNiO∼H, RNi–O, RO∼H and RO··O (Å), and bond angles �H−−O∼H, �O∼H∼O and �Ni–O∼H (degrees) for
molecular and dissociated structures based on NP model with 6×6×2 relaxation (as shown in Fig. 2). Adsorption energies are denoted by Eads
(kJ mol−1); see Eq. (1). Results based on equivalent MgO models in parenthesis [30]

Model Label No. NP NPMOL NPDIS

RNi–OH 1 2.16 1.86
RNiO∼H 2 2.02 0.97
RNi–O 3 2.06 (2.16) 2.13 (2.39) 2.29 (2.69)
RO∼H 4 0.97 1.97
RO··O 5 2.68 (2.65) 2.65 (2.53)
�H–O∼H 6 107 112
�O∼H∼O 7 123 (126) 125 (130)
�Ni–O∼H 8 89 (95) 76 (90)
Eads −55 (−31) −53 (−38)

effective in weakening the bond between the adsorption sites
than molecular adsorption. This effect is considerably more
pronounced for MgO than for NiO.

Based on Eq. 1, the adsorption energy was calculated with
respect to gas phase water.
Ni128O128 + H2O → [Ni128O128 : H2O] (1)
The adsorption energies for molecular and dissociative
adsorption of a single water molecule with 6×6×2 surface
relaxation are −55 and −53 kJ mol−1, respectively (Table 1).
The corresponding values for MgO are −31 and −38 kJ
mol−1, respectively [10]. Therefore water adsorption on the
planar NiO surface is significantly more exothermic than on
MgO. In an experimental study, the desorption energy of wa-
ter on NiO(100) was reported as 45 kJ mol−1 [31]. This is
quite similar to the calculated value. However, it has to be
taken into account that adsorption and desorption involve
different reaction steps. A comparison of calculated adsorp-
tion energies and measured desorption energies is therefore
not straightforward.

3.2 Models with 2×2×1 relaxation

For the transition state search the number of surface atoms
included in the geometry optimization had to be reduced.
From previous calculations of the H2O/MgO(100) system,
it was found that a 2×2×1 surface dimensions still gives a
reasonable approximation to results obtained with the larger
6×6×2 relaxation dimensions [10].

The models with restricted 2×2×1 surface optimization
representing molecular and dissociated adsorption in Fig. 3
are denoted NPMOL(R) and NPDIS(R), respectively. In addi-
tion, the transition state structure with restricted surface opti-
mization is denoted NPTS(R).The activation energy is defined
as the difference in the adsorption energy values between
the TS and MOL structures, with the same restricted surface
relaxation.

The geometry parameters listed in Table 2 for the molec-
ular and dissociative cases with 2×2×1 relaxation are very
close to their corresponding values obtained with the more
extended 6×6×2 relaxation (Table 1). The largest difference
between the two optimization strategies is obtained for the
adsorption energy in the case of dissociative adsorption. With

2×2×1 relaxation, dissociative adsorption is 46 kJ mol−1

higher in energy compared to the 6×6×2 relaxation. Fur-
ther discussion on this effect is presented in the next section.

Interestingly, the RNi–O bond length for the transition
state structure is close to the dry surface value (Table 2).
Sharing of the hydrogen fragment between OH from water
and hydrogen-bonded oxygen surface site in model NPTS(R)
creates intermediate bond lengths RNiO∼H and RO∼H (labels
2 and 4, respectively). Compared to the molecular and dis-
sociative models, the transition state structure has a shorter
RO··O distance (label 5) and a larger �O∼H∼O angle (label 7).
Thus, water is more strongly hydrogen bonded with the sur-
face at this stage of the dissociation process. However, the
�Ni–O∼H (label 8) value of NPTS(R) is significantly smaller
than the molecular and dissociated cases. This value is well
below the 90◦ threshold of Langel and Parrinello [29]. The
rigidity of the NiO surface forces the �Ni–O∼H to adopt a
low value of 64◦. Since this configuration is unstable, a large
activation energy of +198 kJ mol−1 is obtained. There is no
doubt from this result that water dissociation on the planar
NiO(100) is highly improbable.

For dissociation on planar MgO(100), a smaller activa-
tion energy of +72 kJ mol−1 was calculated [30]. This has
to be compared to the +30 kJ mol−1 energy barrier calcu-
lated by Ahlswede et al. [24] with MSINDO. This difference
is caused by two factors. One is the degree of relaxation
and the other is the empirical correction factored into MSIN-
DO for this study. For comparison, additional calculations
show that a smaller 2×1×1 relaxation increases the activa-
tion energy to +96 kJ mol−1 [10]. Therefore, the activation
energy increases with reduced relaxation dimensions. From
previous work, the activation energy for dissociation on the
planar MgO surface with multiple adsorbed water molecules
and protons was +70 kJ mol−1 [7]. Therefore, the effect of
these additional species on the activation energy does not
appear to be significant.

3.3 The effect of relaxation dimensions on adsorption
energy

A series of calculations were carried out examining the
adsorption of a single water molecule at a central site of the
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Fig. 3 Adsorption of a single water molecule on the planar NiO surface with 2×2×1 relaxation for molecular, transition state and dissociative
configurations: selected distances and bond angles highlighted by lines: (1) RNi–OH, (2) RNiO∼H, (3) RNi–O, (4) RO∼H, (5) RO··O, (6) �H–O∼H, (7)
�O∼H∼O and (8) �Ni–O∼H

Table 2 Calculated bond lengths RNi–OH, RNiO∼H, RNi–O, RO∼H and RO··O (Å), and bond angles �H–O∼H, �O∼H∼O and �Ni–O∼H (degrees) for
molecular, transition state and dissociated structures based on the NP model with 2×2×1 relaxation (as shown in Fig. 3). Adsorption energies
are denoted by Eads (kJ mol−1); see Eq. (1). Results based on equivalent MgO models in parenthesis [30]

Model Label No. NP(R) NPMOL(R) NPTS(R) NPDIS(R)

RNi–OH 1 2.16 2.10 1.87
RNiO∼H 2 2.04 1.28 0.98
RNi–O 3 2.05 (2.16) 2.10 (2.27) 2.07 (2.38) 2.22 (2.47)
RO∼H 4 0.97 1.21 1.93
RO··O 5 2.68 (2.66) 2.45 (2.33) 2.61 (2.53)
�H–O∼H 6 107 113 114
�O∼H∼O 7 122 (122) 160 (141) 124 (130)
�Ni–O∼H 8 90 (94) 64 (87) 75 (82)
Eads −50 (−26) 148 (46) −7 (17)
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Table 3 The effect of relaxation dimensions on adsorption energies
Eads (kJ mol−1) for one water moiety on the planar surface. Results
based on equivalent MgO models in parenthesis [30]

Relaxation MOL DIS Difference

None −46 (−27) 113 (168) 159 (195)
2×2×1 −50 (−26) −7 (17) 43 (43)
4×4×1 −49 (−28) −16 (−24) 33 (4)
6×6×1 −51 (−29) −28 (−24) 23 (5)
6×6×2 −55 (−31) −53 (−38) 2 (7)

NiO 8×8×4 cluster. The dependence of adsorption energies
on varying degrees of relaxation is shown in Table 3. The
minimum relaxation (2×2×1) refers to models NPMOL(R)
and NPDIS(R) while models NPMOL and NPDIS represent
maximum 6×6×2 relaxation. The calculated molecular
adsorption energies shown range from −46 kJ mol−1 to
−55 kJ mol−1, depending on the extent of surface relaxation.
Therefore, surface relaxation makes very little difference to
the energetics of molecular adsorption. This was also the case
for a MgO 8×8×4 cluster as model for MgO(100), where cor-
responding adsorption energies ranged from −26 kJ mol−1

to −31 kJ mol−1[10]. For dissociative adsorption on NiO,
however, the heat of reaction varies from +113 kJ mol−1 to
−53 kJ mol−1 depending on the degree of relaxation. The
corresponding values for MgO range from +168 kJ mol−1 to
−38 kJ mol−1 [10]. This process becomes more exothermic
as the degree of relaxation is increased, particularly with the
inclusion of second layer atoms. For the dissociative case,
there is a clear dependence on the extent of surface relaxa-
tion. A similar effect has also been reported previously for
water adsorption at anatase (001) [32]. Even 2×2×1 relaxa-
tion (involving only four surface atoms) has a dramatic stabi-
lizing effect in the dissociative cases. Also shown in Table 3,
are the differences between the molecular and dissociative
adsorption energies. As the relaxation dimension increases,
the difference diminishes. Therefore, the influence of relaxa-
tion dimensions on the energetics must be taken into account.

4 Monatomic step

Models of a stoichiometric monatomic step were based on the
8×8×4 cluster with an additional 8×4×1 layer aligned to one
side of the cluster with an overall stoichiometry of Ni144O144
(Fig. 4). The corresponding monatomic step model used by
Ahlswede et al. [24] for MgO was based on an embedded
9×9×3+9×5×1 cluster, with the stoichiometry Mg144O144.
The cluster shown in Fig. 4 is surrounded by two layers of
pseudo atoms in the ±x, ±y and −z directions, resulting in
an overall 12×12×6+12×6×1 arrangement.

4.1 Models with 6×6×1+6×3×1 relaxation

For the relaxed model, relaxation was limited to the 6×6×1
atoms of the original surface plus the additional 6×3×1

atoms of the extra layer. The other atoms remained fixed
in their bulk positions (Fig. 4).

According to the results of Ahlswede et al. [24], the most
stable configuration for molecular adsorption in an MgO step
involves one O–H bond lying nearly parallel with the edge
of the step while the other O–H bond points out of the step.
This orientation was therefore used as the starting point for
the optimized structure NSMOL shown in Fig. 5. The water
molecule is bound to the four and five fold coordinated sites
of the 8 × 8 × 4 + 8 × 4 × 1 model. In contrast, the model
used by Langel and Parrinello [29] contained steps with (100)
and (010) faces built on the (011) plane. Consequently, water
molecules sitting in the step were bound to five fold coordi-
nated sites. For the dissociative model NSDIS, bonding to the
oxygen atom from OH is also shared between four and five
fold coordinated nickel sites (Fig. 5). Dissociative adsorption
at the monatomic step induces more distortion of the lattice
as compared to molecular adsorption.

As explained for the planar case, the corresponding geo-
metrical parameters have been labeled from 1 to 8. Since the
oxygen atom of water (in Fig. 5) is shared between two nickel
sites in the monatomic step, there are two values for �Ni–O∼H
(label 8). Two �O∼H∼O (label 7) angles are also present for
the hydrogen atom shared between two oxygen sites. The two
values for each �O∼H∼O and �Ni–O∼H angles were averaged
and listed in Tables 4 and 5.

For molecular adsorption in the monatomic NiO step (i.e.
NSMOL), the hydrogen bond strength parameters RO··O (la-
bel 5) and �O∼H∼O (label 7) in Table 4 are 2.59Å and 108◦,
respectively. Compared to the respective MgO values, 2.76Å
and 106◦ [30], it appears that water is bound slightly more
strongly to the defective NiO surface. In addition, the RNi–OH
(label 1) and RNiO∼H (label 2) distances are significantly
shorter than the equivalent parameters for the corresponding
MgO model [30]. The �Ni–O∼H (label 8) angle of NSMOL,
95◦, is above the threshold for a favorable reaction pathway.
In contrast, the same parameter for the NPMOL model is below
the 90◦ threshold (Table 1). Molecular adsorption increases
the RNi–O value (label 3) of the adsorption site by 7% with re-
spect to the dry surface. For MgO, the equivalent bond length
increases by 3% compared to the dry surface [30].

From Table 4, the considerable increase in the RO··O dis-
tance (label 5) of model NSDIS (with respect to NSMOL) indi-
cates that hydrogen bonding is weaker after dissociation. This
hydrogen bond is weakened as a result of the hydration and
strengthening of the bond between the dissociated hydrogen
fragment and the surface oxygen. Since the 93◦ �Ni–O∼H
angle (label 8) of the dissociated structure (NSDIS) is clearly
above the 90◦ threshold by Langel and Parrinello [29] the
dissociation would appear favorable in contrast to the NPDIS
model.At 102◦, the corresponding parameter for MgO is well
above the threshold [30]. Consequently, water dissociation is
also favorable at the MgO step. This value is considerably
higher than the 90◦ calculated for the MgO step by Langel
and Parrinello [29]. The proposed transfer of the hydrogen
fragment from water to the NiO surface can be seen by the
different RNiO∼H and RO∼H values in Table 4 (labels 2 and 4,
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Fig. 4 The embedded 8×8×4+8×4×1 NiO cluster with 6×6×1+6×3×1 relaxation (NS) representing the monatomic step region: relaxed nickel
and oxygen atoms denoted Ni and O, respectively while fixed nickel and oxygen atoms denoted Ni(R) and O(R), respectively

Table 4 Calculated bond lengths RNi–OH, RNiO∼H, RNi–O, RO∼H and RO··O (Å), and bond angles �H–O∼H, �O∼H∼O and �Ni–O∼H (degrees) for
molecular and dissociated structures based on NS model with 6×6×1+6×3×1 relaxation (as shown in Fig. 5). Adsorption energies are denoted
by Eads (kJ mol−1); see Eq. (2). Results based on equivalent MgO models in parenthesis [30]

Model Label No. NS NSMOL NSDIS

RNi–OH 1 2.17 1.92
RNiO∼H 2 2.00 0.96
RNi–O 3 2.07 (2.10) 2.21 (2.17) 2.56 (2.95)
RO∼H 4 0.99 2.20
RO··O 5 2.59 (2.76) 2.84 (2.85)
�H–O∼H 6 108 134
�O∼H∼O (ave.) 7 108 (106) 103 (109)
�Ni–O∼H (ave.) 8 95 (96) 93 (102)
Eads −113 (−116) −190 (−240)

Table 5 Calculated bond lengths RNi–OH, RNiO∼H, RNi–O, RO∼H and RO··O (Å), and bond angles �H–O∼H, �O∼H∼O and �Ni–O∼H (degrees)
for molecular, transition state and dissociated structures based on NS model with 2×1×1+2×1×1 relaxation (as shown in Fig. 6). Adsorption
energies are denoted by Eads (kJ mol−1); see Eq. (2). Results based on equivalent MgO models in parenthesis [30]

Model Label No. NS(R) NSMOL(R) NSTS(R) NSDIS(R)

RNi–OH 1 2.13 2.00 1.92
RNiO∼H 2 1.94 1.41 0.97
RNi–O 3 2.24 (2.40) 2.31 (2.47) 2.24 (2.59) 2.33 (2.95)
RO∼H 4 0.99 1.15 2.04
RO··O 5 2.57 (2.71) 2.37 (2.49) 2.68 (2.66)
�H–O∼H 6 108 116 136
�O∼H∼O (ave.) 7 108 (108) 120 (119) 102 (109)
�Ni–O∼H (ave.) 8 96 (97) 90 (101) 92 (102)
Eads −98 (−99) −24 (−82) −168 (−206)
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Fig. 5 Molecular and dissociative adsorption for single water molecule on the stepped NiO surface with 6×6×1+6×3×1 relaxation: selected
distances and bond angles highlighted by lines are labeled 1–8: (1) RNi–OH, (2) RNiO∼H, (3) RNi–O, (4) RO∼H, (5) RO··O, (6) �H–O∼H, (7) �O∼H∼O
and (8) �Ni–O∼H

respectively) for NSMOL and NSDIS. The dissociative adsorp-
tion of water increases the RNi–O bond length (label 3) of the
adsorption site by 24% with respect to the dry surface NP.
This increase is considerably larger than for the dissocia-
tive adsorption on the planar surface. Therefore, dissociative
adsorption has a marked effect on the bond strength between
atoms of reduced coordination. With an increase of 40%, this
effect is even more pronounced for the MgO step [30].

Based on Eq. (2), the adsorption energy was calculated
with respect to gas phase water.

Ni144O144 + H2O → [Ni144O144 : H2O] (2)

The adsorption energies for molecular and dissociative
adsorption (Table 4) with 6×6×1+6×3×1 relaxation are
−113 and −190 kJ mol−1, respectively. Molecular adsorp-
tion at the monatomic step is considerably more exothermic
compared to adsorption at the planar surface.The correspond-
ing values for MgO are −116 and −240 kJ mol−1, respec-
tively [30]. The adsorption energies for molecular adsorp-
tion at the step sites are almost the same for both oxides.
In the case of the MgO step, the calculated adsorption en-
ergy is much larger than the −65 kJ mol−1 calculated by
Langel and Parrinello [29]. Besides the differences in the

underlying theoretical methods, the reason for the large differ-
ence is likely due to differences in the coordination number
of the adsorption sites. As mentioned before, they use only
five fold coordinated sites while our models contain four fold
coordinated sites.

4.2 Models with 2 × 1 × 1 + 2 × 1 × 1 relaxation

Similarly as for the planar surface, we used a smaller number
of surface atoms for the optimization of transition structures.
In the restricted models, two atoms at the step and two atoms
in the layer below the step were optimized (2×1×1+2×1×1
relaxation).

The restricted surface models representing molecular and
dissociated adsorption in Fig. 6 are denoted NSMOL(R) and
NSDIS(R), respectively. In addition, the transition state struc-
ture with restricted surface is denoted NSTS(R).

Unlike the planar surface, there are some significant geo-
metrical differences between the 6×6×1+6×3×1 relaxed
monatomic step and the step with restricted relaxation. Firstly,
for the dry surface, the RNi–O bond distance (label 3) is
longer in the restricted model NS(R) with respect to NS. For
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Fig. 6 Adsorption of a single water molecule on the stepped NiO surface with 2×1×1+2×1×1 relaxation for molecular, transition state and
dissociative configurations: selected distances and bond angles highlighted by lines: (1) RNi–OH, (2) RNiO∼H, (3) RNi–O, (4) RO∼H, (5) RO·O, (6)
�H–O∼H, (7) �O∼H∼O and (8) �Ni−O∼H

molecular adsorption, theRNi–O bond of the surface inTable 5
is also significantly longer. Compared to NSMOL(Table 4), the
shorter RNi–OH and RNiO∼H distances (labels 1 and 2, respec-
tively) of NSMOL(R) (Table 5) indicate that the water mole-
cule is adsorbed more closely to the surface after restricted
optimization.

For dissociative adsorption, however, the RNi–O (label 1)
bond length of NSDIS(R) is also reduced compared to NSDIS
(Table 4). There is also a marked reduction in the RO··O (label
5) parameter with relaxation area restriction.As for the planar
surface, the RNi–O (label 3) bond distance of the transition
state model is the same as the dry surface value. Similar to the
planar NiO surface, the RNi–O bond length of the monatomic
step is shortened with respect to the molecular structure in or-
der to accommodate the transition state configuration. In con-
trast, there is a significant increase in the corresponding bond

length of MgO [30]. The �Ni–O∼H (label 8) angle of NSTS(R)
is slightly smaller than corresponding values for NSMOL(R)
and NSDIS(R). Although the rigidity of the NiO(100) sur-
face forces the �Ni–O∼H angle in structure NSTS(R) down to
the 90◦ threshold, this value is clearly higher than the value
�Ni–O∼H of 64◦ calculated for the planar surface model. With
the shortest RO··O distance (label 5) and largest �O∼H∼O an-
gle (label 7) in Table 5, water in the transition state structure
is more strongly hydrogen bound than water in the molecular
and dissociated structures. The +74 kJ mol−1 activation en-
ergy for the NiO step is much lower than the +198 kJ mol−1

energy barrier calculated for the planar NiO surface and is
comparable to the activation energy (+72 kJ mol−1) for wa-
ter dissociation on the planar MgO surface [30]. Based on
this moderate activation energy, water dissociation is favor-
able considering the dissociated structure is +70 kJ mol−1
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more stable than the molecular structure. The same trend
was also calculated for the equivalent MgO models. The only
notable difference for MgO was the lower activation energy
(+17 kJ mol−1) and the �Mg–O∼H angle was 97, 101 and 102◦
for the molecular, transition state and dissociated structures,
respectively [30]. These angles are well above the threshold
for a successful reaction pathway.

5 Conclusions

From the numerous previous studies of water adsorption on
surfaces with and without defects, there is a general con-
sensus that water will dissociate at defect sites such as point
defects and steps. This outcome was also obtained in the pres-
ent MSINDO study. Water dissociation was found to be more
favorable at the monatomic step compared to the planar sur-
face. In addition, we have shown that water dissociation also
depends on the chemistry of the surface. There are signifi-
cant differences in the adsorption energies and geometrical
parameters between isostructural (100) surfaces of NiO and
MgO.

For molecular adsorption, the chosen size of the relaxa-
tion dimensions does not significantly affect the calculated
adsorption energy, however, there is a strong dependence for
dissociative adsorption. As mentioned before, the restricted
models were chosen in this study due to the high computa-
tional demand of the transition state calculations. Apart from
the effect on the adsorption energy of the dissociated struc-
tures, the geometrical measurements of the restricted models
were reasonably close to corresponding values of the fully
relaxed structures. Therefore, the limits imposed on surface
optimization do not affect the outcome regarding the geomet-
rical criteria.

As expected, adsorption at the monatomic step is more
exothermic than the planar surface. The calculated activa-
tion energy for water dissociation is significantly lower in
the monatomic step than on the planar surface. Molecular
adsorption on the planar NiO surface is more exothermic
than adsorption on the planar MgO surface. The activation
energy for water dissociation was found to be higher at the
NiO surface compared to equivalent MgO models.

Based on the geometrical criteria specified by Langel and
Parrinello [29], water will dissociate at the stepped sites of
both oxides. In contrast, water dissociation is highly improb-
able for the planar NiO surface. This is a consequence of the
rigidity of the NiO structure preventing the water molecule
from adopting a stable transition state; thereby creating a high
activation energy. In accordance with the literature, water
dissociation appears to be limited to NiO surfaces with de-
fects such a monatomic steps. Dissociation of water on the

planar MgO surface is a borderline case, but geometrical cri-
teria tend to lean towards dissociation. It would seem rea-
sonable that water dissociation on the planar MgO surface is
reversible as suggested by Henderson [2].
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