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Abstract—Density-functional calculations are used to study the structural and electronic properties of stoi-
chiometric and imperfect In,O5 (011) surfaces. We calculate energies of formation of neutral oxygen vacan-
cies on the surface of an indium oxide nanocrystal and analyze the adsorption of an oxygen atom in its ground
(triplet) state on a model imperfect surface having O, vacancies in different charge states. The results indicate
that adsorption on a VOJr vacancy is the most energetically favorable and that the oxygen atom involved
switches from a triplet state to a singlet one. We consider oxygen molecule adsorption from different initial

geometric configurations on neutral O,_¢ vacancies.
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INTRODUCTION

Indium oxide-based nanomaterials have a rather
wide application area: solar cells [1], conductometric
sensors [2, 3], and optoelectronics [4]. The use of
materials composed of nanometer elements is known
to lead to a marked increase in the role of the specific
surface area. Knowledge of surface structure and
chemistry is crucial for assessing the influence of these
characteristics on the engineering performance of var-
ious oxides.

Adsorption of atoms and molecules, including
those of oxygen, is the first step of many chemical pro-
cesses. Because of this, to understand such processes it
is important to assess energy characteristics of adsorp-
tion of particles on stoichiometric or imperfect sur-
faces. Consider the adsorption of various oxygen spe-
cies on a nanostructured indium surface, which is of
practical interest in many cases. According to X-ray
diffraction data, indium oxide nanoparticles have a
cubic (bixbyite) structure (sp. gr. /a3, no. 206) [5].
This structure comprises indium atoms in two
inequivalent Wyckoff positions, 85 (1/4, 1/4, 1/4) and
24d (u, 0, 1/4), and oxygen atoms in one Wyckoff
position, 48e (x, y, 7). In accordance with the symme-

try elements of space group /a3, there are 80 atoms per
unit cell [6]. Simple sections through this structure
give a variety of crystallographic planes, which bound
grains [7, 8]. These planes have a particular concen-
tration and configuration of surface atoms, and each of

them is characterized by its own features, related to its
electronic structure, catalytic properties, and adsorp-
tion behavior.

According to surface energy calculations [9], the
thermodynamic stability of crystallographic planes of
indium oxide decreases in the following sequence:
(111) > (011) > (211) > (001). A similar sequence,
(111) > (110) > (100), was obtained by density func-
tional calculations for other crystallographic planes of
cubic indium oxide [10].

As shown in a first-principles quantum-chemical
study of the adsorption of oxygen molecules on the
In,0; (100) surface [11] (which terminates with either
a plane made up of only oxygen atoms (oxygen face) or
a plane made up of only indium atoms (metallic
face)), the chemisorption of oxygen molecules causes
no significant surface reconstruction. No dissociative
chemisorption is observed on the metallic face. The
energy of adsorption of an oxygen molecule varies in a
relatively narrow range, depending on the number of
molecules on the surface, to the point where the sur-
face is completely identical to the (100) surface with an
oxygen face.

According to studies of O, adsorption on the most
thermodynamically stable surface (111), which is non-
polar and can be obtained by a simple section of a
three-dimensional lattice, this surface is chemically
nonreactive with oxygen; that is, oxygen molecules do
not form any stable structures with it [9]. At the same
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Fig. 2. Elementary repeat chain in the In,O5 (011)-b top layer.

time, adsorption on a surface oxygen vacancy leads to
release of an energy on the order of 2.37 eV, and the

molecule forms an adsorbate in the form of o§‘ [12].

A feature common to all previous studies of the sur-
face of transparent conductive oxides is that they dealt
the adsorption of an oxygen molecule on either a stoi-
chiometric surface or a surface with a neutral vacancy.
At the same time, charge states of surface vacancies,
for which adsorption energies of particles can be cal-
culated as well, are also important.

In this paper, we present simulation results for
adsorption of oxygen in atomic and molecular forms
on stoichiometric and imperfect (011) surfaces hav-
ing oxygen vacancies in different charge states. The
(011) surface was chosen by us as the subject of this
study because it is one of the most stable surfaces of
cubic indium oxide and because oxygen adsorption
on an imperfect (011) surface has not been analyzed
previously.

MODEL AND METHOD

According to Tasker’s classification [13], the (011)
surface of indium oxide belongs to the first type, with
a stoichiometric arrangement of the anions and cat-
ions in one atomic layer. This surface can be of two
types: either a plane containing only In-24d cations
and oxygen anions or a plane in which, along with
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oxygen anions, both In-24d and In-8b cations are
present. In what follows, they will be denoted as (011)-d
and (011)-b, respectively. The distinction between
them is well seen in Fig. 1.

The top layer of the In,O5 (011)-b surface is made
up of chains of indium and oxygen atoms. Its elemen-
tary repeat unit is depicted in Fig. 2.

Since the periodicity of a crystal is broken on its
boundary, there are obviously dangling bonds. In par-
ticular, all of the oxygen atoms in an O,_¢ chain have
three nearest neighbors in their coordination environ-
ment, whereas the coordination number of an oxygen
atom in the bulk of the crystal is four. The coordina-
tion numbers of the (Ins;, Iny) and (In;, In,) indium
atoms are four and five, respectively, whereas the
coordination number of an indium cation in the bulk
of the crystal is six. The same refers to the (011)-d
In,0; surface (Fig. 3).

Our calculations relied on density functional the-
ory, utilized a plane-wave basis set, and were per-
formed using a self-consistent calculation code built
into the Quantum ESPRESSO software suite [14].
The projector augmented wave (PAW) method [15]
was used to describe interactions between ions and
electrons. The exchange correlation energy was esti-
mated using a PBE functional [16]. All results were
obtained at 0 K. In our calculations, we used a flat
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Fig. 3. Elementary repeat chain in the In,O3 (011)-d top layer.

plate model, which is obviously applicable in examin-
ing the nanoparticle surface. The choice of the model
is justified by the rather small size of adsorbed particles
compared to the nanoparticle size (d ~ 30—50 nm).
Since the surface curvature of a large nanoparticle is
relatively small, the region where the reaction takes
place can be thought of as flat.

The In,04 (011) surface is modeled as a flat plate

10.1171 x 14.3077 x 25.9428 A3 in volume, consisting
of 32 indium cations and 48 oxygen anions, which
form four alternating layers. It is subject to periodic
boundary conditions with a vacuum gap on the order
of 12 A normal to this surface, in order to prevent
effective interaction between periodic images.

The plane wave cutoff energy, determining the size
of the plane-wave basis set used to expand the pseudo
wave function, was 680 eV. In all our calculations, we
used a k-grid [17] and chose a planar 6 X 6 X 1 grid. In
all optimization processes, that is, in minimizing the
energy of the system, we used the Broyden—Fletcher—
Goldfarb—Shanno algorithm, built into Quantum
ESPRESSO, until the forces acting on the ions were <
0.03 eV/A.

The standard enthalpy of formation of indium
oxide is

AH{(In,05) = iyo, — 2w ™" =3u0%, (1)
where "™ is the chemical potential of indium

(which has a tetragonal crystal structure, sp. gr.
14/mmm [18]) in its standard state before the prepara-

tion of indium oxide, and ugz is the chemical potential
of oxygen gas under standard conditions.

The chemical potential of bulk indium oxide is
constant at

bulk In,0;

Win0, = 2Wy," " + 3“31203- (2)

Further, we introduce two variables for the corre-
sponding chemical elements relative to their standard
states:

Ay, = W — ™, 3)

Atly = g™ = 1o’ )

It is worth noting that the quantities Ay, and Al

should be negative; otherwise, crystalline indium

oxide would decompose into its constituent compo-

nents. The enthalpy of formation of In,0; has the fol-
lowing form:

AH{(In,05) = 2A,, + 3. (5)

This yields the accessible range for the chemical
potentials AW, and Aply:

%AH?(In2O3) < Ay, <0, (6)

%AH?(In203) < A < 0. 7

The calculated enthalpy of formation of indium

oxide, AHfO (In,05) = 10.93 ¢V, approaches the exper-
imental value reported by Cordfunke et al. [19]:
9.58 eV [19].

The probability of vacancy formation can be
expressed through the vacancy formation energy. In
the case of a neutral vacancy, it is given by

E'= Eqay(Vo) — Egup(In,05) + lvlz)nzol, (8)

where E (V) is the calculated total energy of a plate
containing a ¥V, neutral vacancy, and E,,(In,0;) is
the total energy of the vacancy-free plate. However,
Th
total energy of a molecule calculated by the density
functional method. In what follows, the vacancy
energy is analyzed under the assumption that

Auo = 0.

= Allp + 1Y = Aug + %Eoz, where E, is the

INORGANIC MATERIALS  Vol. 56 No. 11 2020
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Fig. 4. Relative positions of the indium cations and oxygens in the two top layers of the (011) plate before (light circles) and after
(dark circles) relaxation. The larger circles represent oxygens, and the smaller circles represent indium atoms.

The surface on which adsorption processes take
place is called an adsorbent. Adsorbate is any particle
(molecule or atom) adsorbed on this surface. The
adsorption energy is given by

Eads =FE slab (Eslab + Eadsorbate)s (9)

adsorbate

where E,p agsormate 18 the total energy of the plate and
the particle adsorbed on it, E,, is the total energy of
the plate, and the last term represents the total energy
of the adsorbate. Thus, if the energy E,, is negative,
adsorption on the surface leads to the formation of a
stable structure and the process is exothermic, other-
wise the process is endothermic. In simulating molec-
ular adsorption (with a normal and a parallel O, orien-
tation relative to the surface), we assume the main trip-

let state 32;

1.21 A [20].

and the equilibrium bond length ry_o =

RESULTS AND DISCUSSION

We consider the effect of relaxation on surface lay-
ers of a stoichiometric plate that models the surface of
an indium oxide nanocrystal and a plate having sur-
face oxygen vacancies in different charge states, pres-
ent formation energies of neutral oxygen vacancies on
the surface and the energy of adsorption of an oxygen
molecule normal and parallel to the surface on the
vacancies, and discuss the effect of adsorption of an
oxygen molecule on the density of electron states in
the plate.

Atomic structure and surface relaxation. Producing
a plate from a three-dimensional supercell breaks up
its symmetry and introduces a vacuum region on each
side of the plate. As a result, surface atoms are sub-
jected to uncompensated forces of interatomic inter-
action. One way to reduce the effect of these forces is
to ensure relaxation of a few surface layers of the plate
being simulated, while fixing the atoms in the other
layers, which will describe the configuration inside of
the indium oxide.

In all our calculations, we fix two lower layers in
accordance with the bulk structure of indium oxide
and relax the upper layers together with the adsorbate.
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A plate with the (011) crystallographic plane is nonpo-
lar: it has no sum dipole moment. Moreover, a section
has no effect on the bulk stoichiometry of the crystal,
so only slight atomic displacements should be
observed during the relaxation of the two upper layers.

Indeed, after relaxation all of the oxygen anions are
shifted in the positive direction of the z-axis. The
indium cations in the second layer exhibit similar
behavior (Fig. 4). The largest displacement reaches no
more than 4% in comparison with the smallest size of
the cell in which the plate is considered.

Formation energy of surface oxygen vacancies.
Consider an In,0;-type lattice made up of metallic
ions with a charge of 3+ and metalloid ions with a
charge of 2—. The In?" and O%  ions have a closed
electron shell with zero valence. Removing a neutral
oxygen atom from the surface of an ideal indium oxide

lattice produces a neutral oxygen vacancy, Vg , that is,
an empty oxygen site, with two electrons localized
near it. In a similar manner, removing oxygen anions,
one can obtain charged vacancies in the In,O; crystal

lattice: ¥ and V3" . Here, we consider the In,O; (011)-b
surface from which in accordance with the above pro-
cedure an oxygen atom is removed from the O, site
(Fig. 2). Judging from the supercell size, the defect
density is 2.66 x 102 cm™3.

After the relaxation of the model with a neutral
vacancy, the following picture is observed: The cations
around the vacancy pull away from the vacancy local-
ization site by no more than 2.7% relative to the small-
est characteristic size of the cell in which the plate is
considered. At the same time, the oxygen anions
approach the neutral vacancy by no more than 3.1%.
A similar situation occurs for charged oxygen vacan-
cies. Indeed, in the case of a singly charged oxygen

=+ . . .
vacancy, V;; , the displacement of the oxygen anions is
3.4% and that of the indium cations is 2.8%. In the

case of a VO2 * vacancy, the displacement of the oxy-
gen anions far exceeds that in the above cases,
reaching 3.6%, and the displacement of the indium
cations is 3.7%.
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The calculated total energies of the stoichiometric
plate and the relaxed plate containing various neutral
defects and the chemical potential of oxygen allowed
us to evaluate the probability of vacancy formation
using relation (1). Neutral defects were generated by
sequentially removing oxygens from positions O;_g4
(Fig. 2). The corresponding data are presented in
Table 1. It is seen that the formation of an O, vacancy
has the highest probability.

Oxygen molecule adsorption on a stoichiometric
surface. Theoretical studies suggest that, in the case of
adsorption of an oxygen atom or molecule, there are
no stable structures of a stoichiometric surface with
these species on the (111) surface or the surface under
consideration, (011) [9].

Oxygen atom and molecule adsorption on an imper-
fect surface. Since an O, oxygen vacancy is the most
likely to be formed, consider oxygen atom adsorption
precisely on this vacancy in different charge states and
oxygen molecule adsorption on all types of O,_¢ neu-
tral vacancies (Fig. 2). The corresponding molecule or
atom was placed a distance on the order of 2 A over the
surface and then the plate—atom (molecule) system
was optimized at constant positions of the atoms in the
two lower layers.

Since adsorption can be accompanied by molecule
dissociation, calculations should take into account
spin polarization as well, because dissociation prod-
ucts can have a nonzero net spin. One should also take
into account spin polarization in atoms and molecules
with unpaired electrons, in particular in the case of an
oxygen atom and molecule in their ground (triplet)
state.

The presence of a surface defect is favorable for the
adsorption of both atomic and molecular oxygen. We
examined three types of O, vacancies differing in
charge state. The energy of oxygen atom adsorption on
an oxygen vacancy is given in Table 2.

The observed decrease in the energy of oxygen
atom adsorption with an increase in the charge on an
0O, oxygen vacancy can be accounted for by the fact
that a neutral vacancy on the crystal surface forms two
local free valences, which will never meet by virtue of
Coulomb repulsion. An adsorbed oxygen atom will
then form a strong bond with the neutral vacancy,
incorporating itself into the crystal lattice, as con-
firmed by the present adsorption energy calculations

and the zero total magnetization. Since a Vg vacancy
has one local surface free valence, the formation of a
bond with an oxygen atom will leave one unpaired
electron in one of its p-orbitals. Because of this,
according to calculations the total magnetization is
approximately unity: 0.9 per unit cell. In the case of

a VO2 " vacancy, the energy released upon adsorption is

KURMANGALEEYV et al.

Table 1. Energy of oxygen vacancy formation on the indium
oxide (011) surface

Vo vacancy| O 0, (OF (O O;s O
842 | 777 | 7.77 | 5.37 | 8.62 | 8.59

Formation
energy, eV

Table 2. Data on the energy of oxygen atom adsorption on
O, vacancies in different charge states and the total mag-
netic moment per unit cell

Charge state o
M,
of a vacancy Eqgs, €V total> B
0 —5.364 0.00
1+ —4.738 0.90
2+ —5.851 0.00

(011)-b surface.

—5.851 eV, and an atom that fills the oxygen vacancy
switches from a triplet state to a singlet one.

Calculations of the energy of oxygen molecule
adsorption on neutral vacancies indicates that the ini-
tial geometry of the location of an oxygen molecule
(Fig. 5) with respect to the indium oxide surface has a
significant effect. The corresponding data are pre-
sented in Table 3.

Clearly, adsorption of an oxygen atom and mole-
cule on a neutral vacancy leads to an electron density
redistribution from the indium oxide plate to the oxy-
gen species. This is evidenced by the changes in the
Lowdin charges [21] on adsorbate atoms, as well as by
changes in the interatomic distance in the adsorbed
oxygen molecule, which varies from 1.332 to 1.496 A
on different oxygen vacancies. This points to a ten-

dency toward the formation of O, and O ionic oxy-
gen species, with an interatomic distance on the order
of 1.33 and 1.49 A, respectively [22]. Therefore, during
the adsorption process the plate acts as an electron
donor and an oxygen molecule acts as an acceptor,
reducing the surface conductivity of the plate.

Also presented in Table 3 are the total magnetic
moments per unit cell (the magnetic moment of a free
oxygen atom and molecule is 21g).

The band gap determined by density functional
calculations in the generalized gradient approximation
(GGA) or local-density approximation (LDA) is
known to be underrated. Indeed, the fundamental
band gap calculated by us for a plate consisting of four
atomic layers and subject to periodic boundary condi-
tions along all three coordinate axes is 1.18 €V against
the experimentally determined 2.7 eV [23].
INORGANIC MATERIALS  Vol. 56
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Fig. 5. Configuration of an oxygen molecule on a neutral vacancy after adsorption in relation to the initial geometry relative to
the surface: (a, b) molecule parallel to the surface over an O4 vacancy before optimization (side and top views, respectively); (c,
d) molecule that was normal to the surface before optimization (in both cases, the molecules were located 2 A from the topmost

surface atom).

Density of electron states. Clearly, a significant
contribution to the valence band top is made by the p-
and s-orbitals of the indium atoms located on the sur-
face of the plate and having three nearest neighbors in
their coordination environment. In particular, mixing
of these orbitals is possible. It is worth noting that par-
tial densities of the indium d-orbitals contribute to the
total electron density of low-lying bands in the range
—15.6 and —13.0 eV. The region of the peaks at —20.18
and —17.6 eV is characterized by possible hybridization
of the s- and p-orbitals of indium atoms and the s-
orbitals of the oxygen atoms in the crystal lattice

(Figs. 6a, 6b). In Fig. 7a, one can see small additional
peaks in comparison with the total density of electron
states in the plate with a neutral O, vacancy (Fig. 7b)
as a result of the participation of the s- and p-orbitals
of the oxygen atoms of a molecule adsorbed from a
position normal to the plane of the plate and located over
aneutral O, vacancy (Figs. 6¢, 6d). Moreover, adsorption
causes the line spectrum of densities of the p-orbitals of
an oxygen atom in a free molecule (Figs. 6e, 6f) to trans-
form into a continuous spectrum, which contributes to
both the valence band and a region near the bottom of
the conduction band of the material.

Table 3. Energy of oxygen molecule adsorption (E,4) on V neutral vacancies, interatomic distance in the adsorbed mol-
ecule (rg_g), total magnetic moment per unit cell (M), and Lowdin charges (g) on the atoms of the adsorbed oxygen

molecule
y Eags» V| To-0s A | Mygiars U q Eus> eV | ro—0s A | Miars g q

° horizontal vertical
O, —1.613 | 1477 | —0.03 —0.364 —0.364 —0.855 1.362 0.81 —0.221 —0.213
0, —0.910 | 1.338 0.96 —0.180 —0.171 —0.522 1.332 1.01 —0.206 —0.162
0O; —0.899 | 1.462 0.13 —0.372 —0.359 —0.929 1.485 0.07 —0.373 —0.391
(O —1.657 | 1477 0.08 —0.383 —0.374 —1.054 1.472 —0.14 —0.344 —0.376
O; —1.526 | 1.485 0.00 —0.384 —0.363 —1.485 1.485 0.00 —0.379 —0.383
Og —1.755 | 1.496 0.00 —0.385 —0.352 —0.796 1.377 0.75 —0.237 —0.236

INORGANIC MATERIALS Vol.56 No. 11 2020
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Fig. 6. Partial density of electron states: (a, b) contributions of the s- and p-orbitals of oxygen atoms with different coordination
numbers to the density of states in a stoichiometric plate, respectively; (c, d) partial electron densities of the s- and p-orbitals of
an atom incorporated into a plate upon adsorption of an oxygen molecule on a neutral O4 vacancy; (e, f) partial electron densities
of the s- and p-orbitals of an atom in a free oxygen molecule, respectively.

CONCLUSIONS vacancies, which indicate that the formation of O,

Using density-functional calculations, we have vacancies is the most probable. Analysis of the adsorp-

studied the structural and electronic properties of both ~ tion of an oxygen atom in its ground (triplet) state on
a stoichiometric and an imperfect In,O5 (011) surface. O, vacancies in different charge states shows that the
We have calculated energies of formation of oxygen highest energy is released in the case of adsorption on

INORGANIC MATERIALS  Vol. 56 No. 11 2020
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