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Impact of -OH surface defects on the electronic and
structural properties of nickel oxide thin films

Hydroxyl defects on NiO(100) surfaces significantly

affect both the structure and the electronic properties of
nickel-oxide nanomaterials. Density Functional Theory
modeling shows that the defect chemical nature and their
concentration directly influence the material electronic
properties. This insight offers the opportunity of fine-tuning
the electronic gap, or even switching from p-type to n-type
character. At high coverages, the presence of -OH defects
induces a significant reconstruction of the (100) surface,
leading to the formation of under-coordinated Ni sites.

This feature might enhance the system surface reactivity in
relevant catalytic processes involving the target NiO-based
materials.
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Nickel oxide-based thin films and nanomaterials are a current focus of intense research efforts due to the
broad range of end uses in a variety of applications. While the chemico-physical properties of bulk NiO
crystals, characterized by a wide band gap (4.0-4.3 eV), antiferromagnetic ordering and p-type character,
have been extensively studied, for NiO films/nanomaterials the microscopic-level relationships between
the surface defect structure and electronic properties are far from being completely elucidated. In the
present work, we show that, by using density functional theory with the Hubbard correction (DFT+U),
—OH surface defects, almost ubiquitous on oxide surfaces, can directly influence the electronic structure
of NiO(100) model slabs. Depending on the exact defect chemical structure and surface defect density,
the energy gap of the —OH bearing NiO(100) system can be engineered, and its behaviour can be modu-
lated from p-type to n-type. The insights provided herein may be of importance for the modulation of
NiO nanosystem properties as a function of specific applications, an important issue for their eventual
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Introduction

Nickel(u) oxide (NiO) is a wide-bandgap p-type semiconductor
whose characteristics are of considerable relevance for many
technological applications, encompassing gas sensors, solar
cells, electrochromic devices, and heterogeneous catalysts for
different processes.' NiO is characterized by a rock-salt struc-
ture featuring antiferromagnetic ordering (AF), with collinear
spins parallel to (111) planes.'®* The AF ordering of NiO
implies the presence of two magnetic sub-lattices for spin-up
and spin-down Ni cations (Fig. 1a). Indeed, a largely adopted
definition for bulk NiO is AFI (AntiFerromagnetic Insulator),"?
due to its AF ordering and a large energy gap (Eg.p = 4.0-4.3
ev).r

Typically, in NiO materials, the conduction band (CB)
arises from Ni 3d-states, whereas the valence band (VB) is
dominated by O 2p-states’ contribution.'® The wide range of
experimentally reported E,, values (3.2-4.3 eV)'>'>** for NiO
systems obtained through different synthetic routes'*'> can be
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traced back to the different structural organization (bulk single
crystal, nanostructured films, nanoparticles,...),® as well as to
the presence of various defects.'”'® Band gaps for NiO nano-
materials/thin films'""*>"**° are generally lower than the hom-
ologous values measured for bulk NiO'>*" and fall close to the
Vis spectral region, paving the way to eventual end uses in
sunlight-powered systems, such as solar cells and
photocatalysts.’”**?* The electronic properties of bulk NiO
have been extensively investigated'®'>'921:2472¢ i relation to
the origin of its semiconducting behaviour, arising from two
competitive mechanisms (d-d transitions and charge transfer
from O 2p-states to Ni d-states).’® Nonetheless, further studies
are undoubtedly necessary in order to attain a deeper insight
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Fig. 1 Ball-and-stick representations of (a) bulk NiO and (b) NiO(100)
projected on the xz plane. (@) Model Bulk 1 (Niz»O35); (b) model RegSurf
1 (Niz»Os3;,). Color codes: red, O; blue, Ni (spin-up); green, Ni (spin-
down).
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into the interplay between the structure and electronic pro-
perties for defective NiO films and nanostructures as a func-
tion of various parameters. For instance, Eg,, values in NiO
thin films may significantly vary as a function of growth
temperature,>’®® thickness,”® or annealing temperature.'*
Furthermore, although NiO thin films typically feature a p-type
character in the bulk phase,”® n- or p-type nickel(n) oxide
systems can be fabricated by varying the oxygen partial
pressure during the preparation processes.'® In addition, even
the presence of defects can significantly influence the elec-
tronic properties of the resulting nanosystems. 72022

In this context, we recently focused on the chemical vapour
deposition (CVD) of NiO using a series of closely related
B-diketonate-diamine Ni(u) precursors.”>*>?® The system’s
chemico-physical characterization highlighted a significant
effect exerted by water vapour in the reaction atmosphere on
the resulting nanomaterial properties, with particular regard
to the obtainment of (100)-oriented p-type films with Eg,, ~
3.40 eV.">*' As a matter of fact, surface -OH groups were
present on all samples as typically observed for thin films
obtained  through various fabrication  routes.®?>7*
Nevertheless, the influence of such moieties on the structural
and electronic properties of the fabricated nickel oxide nano-
materials has not been elucidated in detail, due also to the
inherent experimental difficulties in achieving a molecular-
level insight into the nature of the related defects.**” In par-
ticular, so far calculations were performed on the adsorption
of water on NiO(100)*® and hydroxylated NiO(111) surfaces,
but, to the best of our knowledge, theoretical investigations on
NiO(100) surfaces bearing -OH groups have never been per-
formed to date.

On this basis, the present work aims at shedding more
light on this challenging issue, by investigating both regular
(stoichiometric) and -OH-bearing NiO(100) surfaces via a
theoretical approach based on density functional theory (DFT)
and enhanced by a Hubbard Hamiltonian method. Such a
strategy offers a valuable compromise between accuracy and
computational cost, as it ensures a reasonable description of
the NiO electronic structure,'®*® while providing the opportu-
nity of simulating relatively extended material portions,
bearing different kinds of -OH defects. Bulk NiO models, to
be used as a reference for electronic properties, were also con-
sidered for comparison purposes. The choice of the (100)
orientation was set based on the characterization of our NiO
thin films (see above) and other previous studies of NiO nano-
materials obtained using different synthetic methods.>*'™*% As
a matter of fact, the (100) surface is the least polar among NiO
ones, being characterized by an equal number of O and Ni
ions (Fig. 1b). In addition, (100) facets bear an equal number
of spin-up and spin-down Ni cations, allowing for an even per-
turbation of the two magnetic sub-lattices through the intro-
duction of surface defects.>® To explore the effect of different
types of -OH defects, several defective NiO(100) models were
taken into account, simulating, e.g. the presence of -OH
groups either on O or Ni atoms of the outermost layer, or the
dissociative chemisorption of water molecules on NiO(100)
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surfaces, and the effect of increasing ~-OH coverage. A detailed
analysis of the structure and electronic properties of the
regular and -OH-containing NiO(100) model systems was per-
formed, with the aim of investigating atomic-level relation-
ships between the different structures/types of -OH defects
exhibited by the surface and the system electronic structure.
The most relevant results are presented herein and critically
discussed.

Models and calculations

Bulk NiO has a cubic rock-salt structure with a crystallographic
cell parameter of 4.173 A.*® Each Ni is coordinated by six O
atoms in an octahedral environment. The cubic crystallo-
graphic unit cell contains four Ni and four O atoms. Due to
the AF ordering, the magnetic unit cell parameter is twice as
large as the crystallographic unit cell one. Consequently, the
cubic magnetic unit cell corresponds to a 2 x 2 x 2 crystallo-
graphic unit cell (Niz,O3,, Fig. 1a). A tetragonal 2 x 2 magnetic
unit cell can also be defined (Ni;604¢) (ESI section S1.17).

Calculations on bulk NiO were performed on three models:
Bulk 1 (Niz03,, cubic simulation cell, Fig. 1a), Bulk 2
(Nig4Og4, orthorhombic simulation cell, obtained by doubling
the magnetic cubic cell along the x direction), and Bulk 3
(Ni;6046, tetragonal 2 x 2 simulation cell) (ESI section S1.1 and
Fig. S1t). With regard to NiO(100) surfaces, both regular and
defected slab models were considered (ESI sections S1.2 and
S$1.31). Avacuum region of 14 A in the z direction was included
with the aim of minimizing inter-slab interactions.
Convergence with respect to vacuum gap size was confirmed
by test calculations with a 17 A vacuum (ESI, section $4,
Table S1 and Fig. S117). For regular NiO(100), the following
two models were set up: RegSurf 1 (Niz;Oj,, Fig. 1b) and
RegSurf 2 (Nig,Og4, Fig. S2b¥), exhibiting 8 and 16 top-layer Ni
atoms, respectively. Both models are constituted by four NiO
layers (see ESI section S1.2 and Fig. S21). Modeling of defective
NiO(100) surfaces requires particular attention due to NiO AF
ordering.”®*° Since NiO is constituted by two symmetric spin-
up and spin-down magnetic sub-lattices, the presence of a
single defect - for example, an ~OH group on a Ni atom of the
outermost layer — will break the symmetry between the two
sub-lattices, leading to uneven perturbations of the AF
ordering.”®*® This case was investigated by considering three
models of different sizes: Niz,O3,(OH), Ni;6016(OH), and
Ni»40,4(OH) (see ESI section S1.3.1, Fig. S31). While the first
two models exhibit four layers, the latter contains six NiO
layers, in order to assess the convergence with respect to slab
thickness (ESI section S4, Table S1 and Fig. S117).

All the other ~OH containing NiO(100) models were built by
including adsorbed groups in pairs, in order to evenly perturb
the two spin sub-lattices.>’ Hydroxyl groups on top of NiO(100)
can be obtained in two ways, i.e. by adding either an -H atom
to an O site or an —~OH group to a Ni site of the NiO(100) top-
layer. In all these models, an equal number of H atoms or OH
groups were added to each magnetic sub-lattice, and their

This journal is © The Royal Society of Chemistry 2025
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location was set so as to maximize the distance between
defects (see ESI sections S1.3.2 and $1.3.37).

The influence of two top-layer hydroxyls per NiO(100) simu-
lation cell was studied on models of different surface areas,
with the aim of exploring the effects of increasing defect con-
centration. To mimic surfaces characterized by a low -OH cov-
erage, four different models were considered using the largest
regular slab, namely RegSurf 2 (Nig,Oe4), containing 16 Ni
surface sites (ESI section S1.3.2, Fig. S41). In a different way, a
higher -OH surface density was mimicked by slabs built from
the tetragonal 2 x 2 cell and characterized by 4 Ni surface sites
(ESI section S1.3.2, Fig. S57).

The effect of the presence of four -OH groups was also
studied on models with different surface areas. Specifically, a
model characterized by lower -OH concentration was built
from RegSurf 2, whereas high -OH coverage of the NiO(100)
surface was simulated using three slab models built from the
tetragonal 2 x 2 cell (ESI section S1.3.3, Fig. S67).

Ultra-soft pseudopotentials®®®' were employed for Ni, O
and H atoms, with the (spin polarized) PBE**> approximation
to DFT employed for geometry optimization, which provides a
reliable description of metal oxide structural properties.®”>*>
Corrections to dispersion interactions were included by using
the D3-bj empirical model.”> The valence electrons adopted
for each species are: Ni 3s*3p°®3d®4s® O 2s*2p?; and H 1s'.
Electronic states were expanded in plane waves up to a 60 Ry
cutoff (320 Ry for the electron density). Band gaps and magne-
tization were calculated on the optimized structures via the
DFT+U approach by incorporating a Hubbard U term into the
Hamiltonian.’® The adopted U term is 6.4 eV, a value in line
with literature data.*® In the optimization procedure, the start-
ing spin polarizations of the two kinds of Ni were given oppo-
site signs. The total and absolute magnetization were calcu-
lated self-consistently, which is an appropriate procedure for
magnetic oxide systems.’’° The electronic structure type of
each system (ie., p-type, n-type, metal, and semimetal) was
determined from the pertaining density of states (DOS) by
comparing the energies of the VB and CB band edges with the
Fermi level,®® conventionally set to 0. Calculations were per-
formed with the Quantum ESPRESSO code.®® Further details
on the electronic structure calculations are reported in ESI
section S1.4.7
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Results and discussion
Bulk NiO

Bulk NiO has been the subject of many theoretical
calculations.'07'%1921:24726:49 gince the focus of this study is
the effect of -OH defects on NiO(100) surfaces, the properties
calculated for our bulk models (specifically, optical band gap,
magnetic moments, and density/partial density of electronic
states) should be considered as reference data, which will be
compared with the values calculated for the slab models with
the same computational setup.

The calculated lattice parameter for bulk NiO (a = 4.175 A),
obtained from full structural optimization, reproduced very
well the experimental value (4.173 A).'° The three bulk models
presented identical structural features and very similar elec-
tronic and magnetic properties (see Table 1). Each Ni atom is
surrounded by six O atoms at a distance of 2.086 A. The total
magnetization of the system (uo) equals 0.00 Bohr magnetons
(ug), in line with the experimentally detected AF ordering. The
absolute magnetization per Ni atom (uy;) is comparable with
the reported experimental values (1.64-1.77ug).">*' The calcu-
lated Egqp (Table 1) is smaller than the quoted Eg,, values for
bulk NiO systems (4.0-4.3eV)'%?1?%2663 due to the known
limitations of DFT and even DFT+U approaches leading to Egy,p,
underestimation,'®*%*%>¢ in  particular for NiO-based
materials.'> Nonetheless, the E,.p, magnetization and lattice
parameters are in line with the results obtained in other
DFT+U studies on bulk NiO." The investigated bulk systems
reproduced the experimentally detected p-type behavior, as
can be deduced from the total electronic density of states
(DOS) (see Fig. 2a). The DOS for the three bulk models are very
similar (ESI section S2, Fig. S7f), in line with the corres-
ponding E,,, values (Table 1).

The partial DOS (pDOS) calculated for Bulk 1 (Fig. 2b)
indicate a dominant contribution of O 2p-states at the top
of the VB, whereas at the bottom of the CB there is a
higher density of empty Ni d-states. This finding is in
line with literature data on NiO materials.!%?12%26
Furthermore, the pDOS of occupied d-states at the top of
the VB is not negligible, suggesting that even Ni d-d tran-
sitions might be relevant for the overall electronic pro-
perties of bulk Ni0O.>®

Table 1 Properties of bulk and regular slab models. Eg,,: band gap energy; Eyg: VB top energy; Ecg: CB bottom energy; u: total magnetization;
uni: absolute magnetization per Ni atom; d(Ni—O): Ni—O distances; d(Ni—Ni): Ni—Ni distances. Energies are in eV, piot and uy in Bohr magnetons (ug),
and distances in A. For slab models, distances refer to top-layer atoms. Eyg and Ecg are relative to the Fermi level, conventionally set to 0

System Egap Evgp Ecgp Type Hrot Hni d(Ni-O) d(Ni-Ni)
Bulk

Bulk 1 (Ni3,035) 3.030 —-1.531 +1.679 p 0 1.77 2.086 2.951
Bulk 2 (Nig4Og4) 3.030 —-1.334 +1.696 P 0 1.77 2.086 2.951
Bulk 3 (Ni;604) 2.980 -1.303 +1.677 p 0 1.80 2.086 2.951
Slab

RegSurf 1 (Niz;03,) 2.165 —0.656 +1.509 p 0 1.82 2.073/2.101 2.951
RegSurf 2 (Nig4044) 2.195 —-1.054 +1.121 P 0 1.82 2.080/2.092 2.951

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) DOS and (b) pDOS calculated for Bulk 1 (Niz2O35). The vertical
dashed line represents the position of the Fermi level, conventionally set
to 0. Positive curves: spin-up components; negative curves: spin-down
components. Black and red lines in (b) refer to Ni d-states and O 2p-
states.

Regular NiO films

The structures of the two regular slabs (Fig. 1b and ESI
Fig. S2t) present some common features. The top layer exhi-
bits a modest corrugation: O atoms are slightly displaced
inwards (2.030 A from the nearest Ni in the second layer),
whereas Ni atoms are slightly displaced outward (2.090 A from
the nearest O in the second layer). For comparison, the Ni-O
bond distances in the bulk system are 2.086 A. Even Ni-O dis-
tances in the top layer are different: they form chains of alter-
nating short (2.073 A) and long (2.101 A) bonds (Table 1). The
surface relaxation affects mostly the two top layers (ESI section
S3f), in line with the results of scanning tunnelling
microscopy (STM) experiments on NiO surfaces.®*

The AF ordering is maintained in stoichiometric (100)
slabs, whereas puy; increases slightly with respect to the corres-
ponding bulk value (Table 1).

The Ey,;, values calculated for regular NiO(100) surfaces are
reported in Table 1, indicating a substantial decrease in com-
parison with that of the bulk structure, in line with the Eg,,
trend expected from previous data.'™**'®?° This phenomenon
can be attributed to the above-discussed surface deformations.
Both slabs have p-type character, and their pDOS (Fig. 3 and
Fig. S97) indicate a predominance of O 2p-states, and minor
contributions from occupied Ni d-states at the VB top. The
similarities between the pDOS pertaining to regular slab and
bulk models suggest that the main electronic structure fea-
tures of bulk NiO are maintained in regular NiO(100) films.

Hydroxylated NiO(100) films

Each layer of the regular NiO(100) surfaces contains parallel
rows of spin-up or spin-down Ni cations along the (111) planes
(Fig. 1). Hence, each top-layer oxygen atom has two spin-up
and two spin-down Ni cations as nearest-neighbors on oppo-
site sides (see Scheme 1). In addition, the oxygen atoms of the
top layer are located above either spin-up or spin-down Ni
cations of the layer below. Therefore, the formation of a
surface ~-OH group by addition of an H atom to an O site
(Scheme 1a) or by binding of an -OH group to a Ni center

2768 | Dalton Trans., 2025, 54, 2765-2775
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Fig. 3 pDOS calculated for RegSurf 2 (Nig4Og4). The vertical dashed
line represents the position of the Fermi level, conventionally set to 0.
Positive curves: spin-up components; negative curves: spin-down com-
ponents. Black and red lines refer to Ni d-states and O 2p-states,
respectively.

a) by H o
o ¢ ° ° e Ni* o °
Ni* © ° ° ° o* ¢ °
° ° ° ° ° ° ° °
z z
° ° ° ° ° ° ° °
y y

Scheme 1 Schematic representations of: (a) an —OH defect formed by
binding an H atom to a top-layer oxygen; (b) an —OH defect formed by
binding a hydroxyl group to a top layer Ni atom. Atoms directly involved
in the defect are highlighted as spheres. Color codes: red, O; blue, Ni
(spin-up); green, Ni (spin-down). The (a) H and (b) OH atoms adsorbed
on the NiO(100) surface are labeled in green; Ni*: Ni atom bearing the
—OH group; O*: O atom bonded to Ni*.

(Scheme 1b) leads to the breaking of the pristine magnetic
symmetry.

In the case of mono-hydroxylated models (see ESI section
S4, Table S1 and Fig. S117}), the system becomes half-metallic
since the presence of -OH on a single Ni site unevenly per-
turbs the slab AF ordering. Such a result is also in line with
previous literature data.®

Hence, in all the other models herein considered, the -H
and —-OH moieties were added in pairs and their relative posi-
tions were set so as to preserve the magnetic symmetry of the
spin-up and spin-down sub-lattices.

This journal is © The Royal Society of Chemistry 2025
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The effect of increasing the concentration of surface
hydroxyl defects was investigated using models including
either two or four hydroxyls per slab, as described below. In
each case, slabs with surface areas of 34.86 A® and 8.72 A?
were adopted to model low and high surface densities of
defects, respectively.

Two —-OH groups on NiO(100) slabs

[Nig,O64J2H. In the optimized structure of this model
(Fig. 4a), the top layer corrugation is more pronounced with
respect to the regular slab. The OH groups, nearly perpendicu-
lar to the (100) plane, are separated by 9.168 A (Table 2). The
distance of the OH oxygen from Ni* is 2.905 A, indicating that

Fig. 4 Ball-and-stick representation (projected on the xz plane) of di-
hydroxylated NiO(100) model slabs mimicking a low concentration of
surface hydroxyl groups. (a) [NigsOe4l2H, containing two H, each
bonded to an O atom of the top layer; (b)[Nig4O¢4]2(OH), containing two
neutral —OH defects bonded to Ni atoms with opposite spin. Color
codes: red, O; blue, Ni (spin-up); green, Ni (spin-down); white, H.
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these oxygen atoms are ~0.7 A outward from the top layer. The
AF structure is preserved even in this model (uyc = 0.00ug),
whereas uy; is 1.78ug. The addition of two H atoms severely
modifies the electronic structure with respect to regular NiO
(100) surfaces (Table 2 and Fig. 5a).

Specifically, the main changes detected in the electronic
properties are a drastic Eg,, decrease (0.682 eV), the appear-
ance of donor states in the gap, and the change from p-type to
n-type character (Fig. 5a), as indicated by the relative position-
ing of the Fermi Level in the [Nig Oe4]2H pDOS. As already
highlighted, changes from p-type to n-type have been reported
for NiO thin films by varying the oxidative conditions in the
film preparation.'® Interestingly, the pDOS indicates substan-
tial Ni participation in the donor states in the gap (Fig. 5a).

To attain an insight into electrically charged OH defects, we
also evaluated the effects of diluted H' on top of the [Nig,Og4]
regular slab (see ESI section S5.1.3 and Fig. S12at). The main
difference compared to the neutral [Nis,O64]2H system lies in
the electronic structure. In particular, the charged model
([Nig4064]2H") has no states in the gap and a p-type behaviour
(ESI, Table S27).

pDOS

4 3 2 -1 0 1 2
eV

Fig. 5 pDOS computed for defective slab models: (a) [Nig4Oe412H; (b)
[Nig4O64]2(0OH). The vertical dashed line at 0 eV represents the Fermi
level position. Positive curves: spin-up components; negative curves:
spin down components. (a) Black lines: Ni d-states; red lines: O 2p-
states; green lines: hydroxyl O 2p-states; (b) black lines: Ni d-states; red
lines: O 2p-states; green lines: Ni* d-states; blue lines: hydroxyl O 2p-
states.

Table 2 Properties of the hydroxylated slabs. Eg,,: band gap energy; Eyg: VB top energy; Ecg: CB bottom energy; Eintra-gap: €nergy of intra-gap
states; uor: total magnetization; puy;: absolute magnetization per Ni atom; d(OH—OH): distance between surface —OH groups. Energies in eV, uo and
un in Bohr magnetons (ug), and distances in A. Eyg, Ecg, and Eintra-gap Values are relative to the Fermi energy, conventionally set to 0

S}’Stem Egap Evg Ecp Eintra-gap TyPe Htot Hni d(OH_OH)
2 -OH groups

[NigsO64]2H 0.682 (1.86) —1.637 +0.222 -1.36; —1.17; —0.46 n 0 1.78 9.168
[NigsO64]2(OH) 0.250 (2.11) —-0.229 +1.881 +0.021 p 0 1.80 9.157
[Ni40,4]2H 1.100 (1.59) —1.238 +0.352 +0.748 n 0 1.79 4.173
[Ni4024]2(OH)* 0 Metal 0 1.82 2.951
[Ni»40,4]2(0H)" 0 Metal 0 1.70 4171

4 -OH groups

[Nig4064]2H-2(OH) 1.225 (2.01) —-0.929 +1.085 —0.43; —0.30; —0.14 p 0 1.80 4.974/9.195
[Ni»,0,,]4H 1.330 —-0.715 +0.615 — p 0 1.70 2.879/4.176
[Ni40,4]4(OH) 0 Metal 0 1.74 2.911/4.281
[Niy,0,4]2H-2(OH) 2.100 —0.448 +1.652 — p 0 1.81 4.127

This journal is © The Royal Society of Chemistry 2025
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[Nis,064J2(0OH). The minimum energy structure of this
model is illustrated in Fig. 4b. Even in this case, the top layer
is corrugated, with Ni atoms positioned slightly upward
(0.1 A) with respect to oxygen atoms. However, the surface
deformation induced by the binding of two hydroxyls to Ni* is
less pronounced than that caused by the addition of two H
atoms to two surface O sites (cfr. Fig. 4a and b). Nonetheless,
the two slabs have very similar magnetization values (Table 2).

Empty states are present in the gap (Table 2), thus narrow-
ing Eg,p, from 2.11 eV (i.e., the energy difference between the
bottom CB and the top VB, Ecg — Eyg) to 0.250 €V (ie., the
energy difference between the lowest empty state and the
highest occupied state). The model system has a p-type behav-
ior (Fig. 5b), and both Ni* and hydroxyl O atoms directly con-
tribute to the empty state in the gap, located very close to the
Fermi Level (+0.021 eV). Additionally, there is a higher density
of O 2p-states at the VB top. In a different way, the density of
Ni d-states and O 2p-states at the CB bottom are similar, while,
at higher energies, the Ni-d-states become predominant
(Fig. 5b).

Even for this system, we examined the effects of two diluted
charged OH defects on the [Nig,Og4] slab (ESI section S5.1.4,
Fig. S12b}). In short, the main difference between
[Nig4064]2(OH) and the negatively charged [NigyOp4|2(OHmM)
model lies in the intra-gap states. In the neutral system, such
states are empty and located just below the Fermi level.
Conversely, in the charged model, the excess electrons occupy
these intra-gap states, thus increasing Eg,p, (ESI Fig. S12b and
Table S27).

[Niz;0,4]2H. The minimum energy structure (Fig. 6a and b)
is characterized by parallel rows of -OH moieties, due to the
high surface density of defects. The separation between -OH
defects is nearly half that in the low-concentration model
[Nig4O64]2H (Table 2). Indeed, each hydroxyl group is now sur-
rounded by four -OH defects on Ni* sites with opposite spin
(ESI section S5.2.1, Fig. S137).

Each -OH bridges two top-layer Ni* centers of opposite
spins (Fig. 6b), with distances of 2.175 A and 2.454 A, respect-
ively, whereas the separation of the hydroxyl oxygen from Ni*
is 3.037 A. A comparison of the local environment of the
defects with the [Nig,O¢4]2H case (ESI section S5.2.17) indi-
cates that structural distortions with respect to regular NiO
(100) become more pronounced with increasing defect density.
Conversely, the magnetic properties and the main electronic
structure features of the two models are very similar (Table 2).
In particular, both models have n-type behavior and occupied
states in the gap.

The [NigO64]2H pDOS (Fig. 7) evidence a major contri-
bution of Ni d-states to the occupied state in the gap.
Interestingly, the hydroxyl O atoms contribute both to the
intra-gap states and to the CB bottom, whereas the VB top is
mainly constituted by O 2p-states.

[Ni,0,,/2(0H). In the optimized structures of the two
[Niz40,4]2(OH) systems (i.e., [NipgO,4]2(0OH)* and [NiysO,4]2
(OH)"), the ~OH groups are separated by 2.951 A and 4.171 A,
respectively. In [Ni,;,0,,]2(OH)?, each Ni*-~OH group moved on
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Fig. 6 Ball-and-stick representations of di-hydroxylated NiO(100)
6-layer model slabs built with the 2 x 2 tetragonal cell and mimicking a
higher concentration of surface hydroxyl groups: (a) side view and (b)
top view of [Ni»40,4]2H, with two H, each bonded to an O atom of the
top layer; (c) side view and (d) top view of [Ni;O54]12(0OH)?, with two
adsorbed —OH separated by 2.951 A; (e) side view and (f) top view of
[Ni»402412(OH)®, with two adsorbed —OH separated by 4.171 A. The two
—OH groups are bonded to Ni atoms with opposite spin. Color codes:
red, O; blue, Ni (spin-up); green, Ni (spin-down); white, H; red dashed
lines, hydrogen bonds. The blue solid lines represent the size of the
simulation cell.

top of two top-layer oxygen atoms, leaving an under-co-
ordinated O atom in the layer below (see Fig. 6¢ and d). Each
Ni* atom forms two strong bonds (1.888 A) with the two neigh-
boring top-layer oxygens, with an O-Ni*-O angle of 127.6°.
The Ni*-OH distances are 1.784 A, the O-H bond lengths are
0.990 A, and the Ni*-O-H angles are 110.8°. These geometrical
parameters clearly indicate that Ni* atoms are three-co-

30

pDOS

S EEEEE N P
4 3 2 -1 0 1 2 3 4
eV

Fig. 7 pDOS computed for the slab model [Ni»4O,4]2H. The vertical
line represents the Fermi level position. Positive curves: spin-up com-
ponents; negative curves: spin down components; black lines: Ni
d-states; red lines: oxygen 2p-states; green lines: hydroxyl O 2p-states.
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ordinated (Fig. 6¢). The -OH groups are aligned along the y
direction (Fig. 6¢ and d), forming hydrogen-bonded chains
characterized by an O---HO separation of 2.050 A, indicating
the occurrence of moderately strong hydrogen bonds.

The [Niz4024]2(0H)b system exhibits very different structural
features (Fig. 6e and f). First of all, there is no massive recon-
struction like in the [Ni;0.4]2(OH)* model. The -OH groups
are positioned on two top-layer Ni* atoms, which are moder-
ately upward shifted (Fig. 6e). Specifically, the Ni*-O* dis-
tances (2.081 A) are longer than the average Ni-O distance
between top- and second-layer atoms (1.998 A). The Ni*~-OH
distances are 1.801 A, the O-H bonds are 0.981 A, and the Ni*-
O-H bond angles are 107.9°. In this case, due to the large sep-
aration between -OH groups (4.171 A), no hydrogen bond is
formed.

Although both systems have zero g, the pyx; values are
different (Table 2), likely due to the very different geometric
structures.

The substantial difference in the top-layer structures results
in largely different pDOS profiles, mainly above the Fermi level
(ESI section S5.2.2, Fig. S147). However, both models, charac-
terized by a high density of surface -OH groups, have zero
Egqp, thus indicating metallic behaviour (Table 2). Such metal-
lic behaviour is not predicted for [Nig,O64]2(OH), which has
the same number of -OH groups, but it is characterized by a
lower surface coverage (0.125 vs. 0.5) and a larger ~-OH group
separation.

Four -OH groups on NiO(100) slabs

[Nis,064J2H-2(0OH). The minimum energy structure of this
model is shown in Fig. 8, while the corresponding pDOS
values are depicted in Fig. 9a. The two OH groups coordinated
to top-layer Ni* atoms are separated by 9.195 A, the same dis-
tance that separates the two H atoms bonded to top layer
oxygens. The shortest separation between different types of
OH species is much smaller (4.974 A).

Even in this model, top layers are corrugated (ESI section
$6.1.17), with Ni atoms typically shifted upward with respect to
O ones (except for the H-bearing oxygens). The AF ordering is

Fig. 8 Ball-and-stick representation of the model slab (NigsOg4)2H-2
(OH) projected along the xz plane. The two —H groups are bonded to
top layer oxygens, whereas the two —OH groups are bonded to Ni
atoms with opposite spin. Color codes: red, O; blue, Ni (spin-up); green,
Ni (spin-down); white. H.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 pDOS computed for models (a) [Nig4Og4l2H-2(OH); (b) [Ni24024]
4H; (c) [Ni2402414(0H); (d) [Niz4024]12H-2(OH). The vertical dashed line
represents the Fermi level position. Positive curves: spin-up com-
ponents; negative curves: spin down components; black lines: Ni
d-states; red lines: O 2p-states; green lines: Ni* d-states; blue lines:
hydroxyl O 2p-states.

maintained (Table 2). Concerning the electronic structure, this
system is characterized by a p-type behavior. Eg,p, is 1.225 eV,
while Ecg-Eyg amounts to 2.01 eV (Table 2). Indeed, such a
difference is due to the appearance of occupied electronic
states between the top of the VB and the bottom of the CB, as
highlighted by the corresponding pDOS (Fig. 9a). In particular,
these states are located below the Fermi level (Table 2) and are
mostly due to hydroxyl O atoms. The contribution of states
belonging to oxygen atoms is predominant at the VB edge. In a
different way, at the CB edge, Ni d-states and O 2p-states show
a very similar contribution. Only at higher energy does the
density of Ni d-states become much larger.

[Ni»;,0,,]4H. The optimized structure of this model (Fig. 10a
and b), very different from the initial optimization guess (ESI
Fig. S6bt), evidences an important top layer reconstruction.
Only two of the four Ni* are at bond distances (2.110 A) from
the O atoms of the second layer (Fig. 10a). These two Ni*
cations (of opposite spin) are also bonded to two hydroxyl
oxygens each, hence they are three-coordinated. The other two
Ni* cations are tetra-coordinated by O atoms of the four -OH
groups (Fig. 10b). Such tetra-coordinated Ni* cations are separ-
ated by 2.535 A from the plane of the second layer and by
2.730 A from the closest second-layer oxygen. This massive
reconstruction, featuring both three- and tetra-coordinated Ni,
is due to the displacement of the top layer with respect to the
second layer by ~0.898 A in the [-110] direction (see the arrow
in Fig. 10b). As found for the [Nig;0¢4]2H and [Niy;0,4]2H
systems, the O-H bonds are nearly parallel to the z-direction.
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Fig. 10 Ball-and-stick representations of tetra-hydroxylated NiO(100)
6-layer models built with the 2 x 2 tetragonal cell and mimicking a
higher concentration of surface —OH groups: (a) side view and (b) top
view of [Niz4O24]4H, with four H, each bonded to an O atom of the top
layer; (c) side view and (d) top view of [Niy;O,4]14(OH), with four —OH
groups bonded to the four top-layer Ni atoms; (e) starting configuration
(side view) of the [Niz;,0,4]12H-2(OH) model, mimicking two dissociated
H,O molecules; (f) (side view) and (g) (top view) of the optimized geo-
metry of [Nix4O,4]2H-2(OH), featuring two molecularly adsorbed H,O
molecules on top of NiO(100). Color codes: red, O; blue, Ni (spin-up);
green, Ni (spin-down); white, H; red dashed lines, hydrogen bonds.

Further structural details on this reconstructed surface can be
found in ESI section S6.1.2, Fig. S15.}

In spite of the considerable structural relaxation with
respect to regular NiO(100), this system maintains zero magne-
tization. However, uy; is lower than the bulk value (Table 2).
Interestingly, the calculated electronic properties of this model
(Table 2 and Fig. 9b) evidence a p-type behavior with no intra-
gap states. Upon increasing the density of this kind of defect,
a shift from n-type (in [Nig;064]2H and [Niy;0,4]2H) to p-type
behavior (in [Ni,;0,,]4H) is observed, along with the increase
of defect states at the top of the VB (see Fig. 5a, 7 and 9b).

[Ni»40,,]4(OH). This system has a surface -OH density twice
as large as that of [Ni,;0,,]2(OH), and eight times greater than
that of [Nig,064]2(OH). In this case, the slab minimum energy
structure (Fig. 10c and d) does not present substantial distor-
tions from the geometry of regular NiO(100) surfaces. The four
—-OH groups are bonded to the four top-layer Ni atoms. Each
spin sub-lattice is characterized by the alternation of shorter
and longer Ni*~OH distances—1.808 A and 1.826 A, respect-
ively. All O-H bond lengths are 0.989 A. The hydroxyl groups
attached to spin-up and spin-down Ni* cations are aligned to
the —x and +x directions, respectively, forming chains of mod-
erately strong hydrogen bonds with alternating distances
(2.015 A and 2.089 A). Even the Ni*~O-H bond angles occur in
pairs in each hydrogen-bonded chain (107.9° and 107.0°).

The data in Table 2 indicate that the AF character is main-
tained in this model as well and that the system is metallic.
Interestingly, the pDOS (Fig. 9¢) highlights a significant contri-
bution of the defect states at the Fermi Level, higher than the
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di-hydroxylated models (ESI, Fig. S147), that can be ascribed to
the higher density of this kind of defect.

[Ni,0,4]2H-2(0OH). This last model is the result of the optim-
ization of a system built by placing two -H and two ~-OH moi-
eties on two top-layer O and Ni centers, respectively (Fig. 10e),
thus mimicking two adsorbed dissociated water molecules, at
a much higher concentration (8 times greater) than in the
[Nig4064]2H-2(OH) model slab. After optimization, the system
evolved toward the formation of two water molecules physi-
sorbed on two Ni atoms with opposite spin (Fig. 10f and g).
The arrangement of the water molecules in the final optimized
structure closely resembles the geometry found for hydrated
NiO(100) at 0.5 monolayer coverage.*® The separation between
H,O oxygen atoms is 4.127 A, and water protons are not
involved in hydrogen bonds with surface oxygens. The geome-
try of the adsorbed water molecules is in line with previously
reported data:*®* the O-H bond distances are 0.980 A and
1.000 A, and the H-O-H bond angle is 104.2°. With respect to
the local environment of the water molecules, the Ni*—Oyqer
separation is 2.216 A, whereas the distance of Ni* from the
closest second-layer O atom (O*) is 2.110 A, and the O*-Ni*-
Ouater angle is 167.1°.

The system has zero total magnetization and a py; of
1.81up. A p-type behaviour is found, with an Eg,, of 2.10 eV
(Table 2 and Fig. 9d). These results suggest that the electronic
properties of NiO(100) are only moderately affected by the phy-
sisorption of water molecules, even at high coverage.

Discussion

In the slab models, the hydroxyl defects were introduced
either by adding H atoms on top layer oxygen atoms and/or by
adding OH groups to top layer Ni atoms (Scheme 1). Moreover,
using models with different surface areas, we have explored
different coverage regimes.

When chemisorbed defects are introduced in pairs so as to
evenly affect the two spin sub-lattices, the surfaces are charac-
terized by AF ordering, like the bulk phase. The calculated gap
values decrease on passing from the bulk to the slab models,
in line with experimental results reporting a smaller Eg,, for
NiO films with respect to the bulk counterpart.'’'*1%2°
Moreover, our calculations predict that the presence of OH
groups reduces the Eg,, with respect to the regular (100) slabs.

The electronic properties of defective slabs depend on how
the —-OH groups are bonded to the surface. Indeed, a different
behavior as a function of coverage is found when the -OH
groups are formed by linking H atoms to oxygen atoms in the
topmost layer (Scheme 1a) or by linking ~OH groups to surface
Ni sites (Scheme 1b).

In passing from [Nig,Oe4]2H to [Niy40,4]4H, the increase in
the density of surface defects brings about a decrease of the
number of intra-gap states, a shift from n-type to p-type behav-
ior, and an increase of Eg,, (Table 2). Conversely, on passing
from [Nig4Og4]2(0OH) to [Ni»40,4]4(OH), a decrease of Egqp is

This journal is © The Royal Society of Chemistry 2025
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observed, leading to metallic behavior at a high -OH
concentration.

From the structural point of view, we have detected two
different NiO(100) surface reconstructions at a high defect
density, for the [Niy;0,4]2(0OH)? and [Niy40,4]4H models. In
both cases, three-coordinated Ni centers are formed. For
[Ni,40,4]4H, the reconstruction also leads to the formation of
tetra-coordinated Ni, the disappearance of intra-gap states and
a transition from an n-type to a p-type behavior.

The effect of introducing charged defects at low coverage
has also been explored. The addition of H' in comparison with
the adsorption of neutral H atoms brings about a relevant
change in the electronic structure of the system, leading to the
disappearance of intra-gap states and a band gap increase. A
similar effect on the electronic structure, with a significant
Eg,p increase, is obtained for the binding of negatively charged
OH"™ groups in comparison with neutral -OH moieties.

As a further insight, we have investigated the effect of the
simultaneous addition of -H and -OH groups to top-layer O
and Ni sites, respectively, in both low- and high-coverage
regimes. Regarding the low-density case ([Nig;O¢4]2H-2(OH)),
the electronic behavior seems to be due to a combination of
the properties exhibited by the charged [NigO¢4]2H" and
[Nig4O064]2(OHm) slabs. Indeed, our calculations predict an
Egop of 1.225 €V, ie an intermediate value between the
[Nig4064]2H" and the [Nig,064]2(OHm) cases, with p-type char-
acter and donor states below the Fermi level. The latter are
mostly localized on the O atoms of surface hydroxyl groups
(Fig. 9a). Among the considered ~-OH-bearing NiO(100) slabs,
this system might be the model that approximates more
closely NiO thin films fabricated vie CVD under humid
conditions."®

At higher coverage ([Niy;0,4]2H-2(OH)), such kinds of
defects are unstable, leading to the formation of molecularly
adsorbed water that does not alter the p-type character of the
surface.

Conclusions

In this work, we have presented an original comprehensive
DFT study on NiO(100) surfaces characterized by the presence
of -OH defects. Our results indicate that the antiferromagnetic
ordering, typical of rock-salt bulk NiO, is maintained in the
model slabs. The calculated band gap values decrease on
passing from the bulk phase to (100) slabs, and such a
reduction is enhanced by the presence of ~-OH defects. In this
regard, the hydroxyl defects formed by linking H atoms to
topmost layer oxygen atoms (Scheme 1a) or by attaching OH
groups to Ni sites (Scheme 1b) lead to different modifications
of the NiO(100) electronic structure. Specifically, we have
shown that the chemical nature of the defects, as well as their
concentration, plays a fundamental role in the electronic pro-
perties of the system, directly affecting the ultimate p-type or
n-type character. In a different way, the presence of a single

This journal is © The Royal Society of Chemistry 2025
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defect, affecting only one of the two magnetic NiO sub-lattices,
results in a half-metallic electronic structure.

An important outcome of the present investigation is the
simulation of two new different reconstructed NiO(100) sur-
faces, induced at high coverages by the two kinds of defects
considered herein, namely H adsorbed on O sites (Scheme 1a)
and -OH adsorbed on Ni sites (Scheme 1b). In spite of the
different structures of the reconstructed surfaces, both systems
are characterized by three-coordinated Ni sites on the top layer
and, in one case ([Niy40,4]4H), even by tetra-coordinated Ni
(OH), moieties, leading to a plane of under-coordinated Ni
sites.

Apart from these reconstruction cases, the presence of -H
and/or -OH defects induces a corrugation of the top layers
with an upward shift of the Ni atoms, which may alter the reac-
tivity of NiO(100) surfaces in many processes of relevance for
technological applications, such as gas sensing or hetero-
geneous catalysis.

Moreover, this study reveals that NiO(100) surfaces bearing
both kinds of -OH defects at a high density are unstable and
evolve towards the formation of molecularly adsorbed water.

In conclusion, the microscopic-level insight gathered
herein from the theoretical study of ~-OH defects on NiO(100)
models may help the understanding of the structural and elec-
tronic properties of NiO-based thin films of practical interest
for a variety of eventual technological end uses.
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