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High-throughput computational materials
screening of transition metal peroxides†

Yin-Hui Peng, Chang-Chun He, Yu-Jun Zhao and Xiao-Bao Yang *

Semiconductor materials of abnormal stoichiometric ratio often exhibit unique properties, yet it is still a

challenge to determine the structures of such materials in an efficient way. Herein, we propose a

method for structurally biased screening according to the coordination numbers and the numbers of

Wyckoff positions, balancing the atom local environment and the global symmetry of structures. Based

on first-principles calculations, we have predicted two metastable peroxides P21/c-ScO2 and Pmmn-

TiO3 with more than six coordination points. For these two structures, the most stable intrinsic defect is

the oxygen vacancy (VO) at the peroxide anion (O2�
2 ), which induces the absence of antibonding orbital

p�g formed by O2�
2 near the valence band maximum. With the introduction of VO, the decrease of

coordination numbers leads to charge recombination, and results in the appearance of an ordered

phase TiO2.5 with stronger Ti–O orbital hybridization. The proposed method presents a promising and

feasible approach for the screening of novel compounds.

1 Introduction

The pursuit of metal oxide semiconductor materials with out-
standing performance has consistently attracted significant
attention.1–3 For instance, In2O3, Ga2O3, ZnO and TiO2 have found
widespread applications in various fields including flat-panel dis-
plays, solar cells, flexible and catalytic processes.4,5 The stoichio-
metric ratios and crystal structures of stable oxide semiconductors
can be modulated by ambient factors such as temperature,
pressure, and oxygen in the environment. Experimentally, the
discovery and application of semiconductor materials with varying
stoichiometric ratios has predominantly relied on trial-and-error
methods, which have proved to be incomplete and time-
consuming for the majority of samples.6 On the contrary, theore-
tical high-throughput methods enable the rapid and comprehen-
sive prediction of ordered stable structures. Materials with a high
concentration of defects like Sc1�xS,7 TiN1�x,8 and NaCl1�x,9 can
be derived from the rock salt structure prototype through ordered
vacancy arrangements. Similarly, other structures also exhibit
spontaneous high concentration vacancies, such as Ba4As3�x,
Ag3�xAl22O34, and Ba1�xNbO3.10 After determining the atomic
distributions, theoretical calculations have further demonstrated
the physical and chemical properties of the new materials, includ-
ing their electronic, mechanical, and magnetic properties.11–14

In order to predict novel structures, researchers commonly
employ structure search software such as RG2,15 USPEX,16 and
CALYPSO.17 Novel structures such as TiO3,18,19 YO3,20 VO4,21

CaO3,22 LaS2,23 have been predicted to be stable at high pressure,
but they have not yet been included in crystal structure databases,
such as the Material Project Database,24 the AFLOWLIB Database,25

and the Open Quantum Materials Database.26 In the global struc-
ture optimization, the computing of a sufficient number of
structures is required to establish an accurate potential energy
surface, and the diversity of structures will significantly increase
the difficulty of predicting multi-component systems. Other
global optimization algorithms, such as following imaginary
phonons,27 simulated annealing,28 basin and minima hopping,29,30

metadynamics,31 and evolutionary algorithms,32 have also attracted
much attention.33 The continuous accumulation of theoretical
calculations and experiments has significantly expanded the crystal
database, providing abundant crystal structures for high-throughput
material screening.34 High-throughput calculations involving
the screening of potential candidate structures from a vast alloy
space also require substantial computational resources.35

Although machine learning models trained on large datasets
can help alleviate the computational burden, they often suffer
from limitations in migration and expansion capabilities.36

Compared with these methods, the biased screening is practical
and efficient to generate the potential candidates with high
stabilities or expected properties.37

In this work, we have utilized the structures from the AFLOW-
LIB database to conduct high-throughput structure screening.25

By applying the biased screening based on coordination numbers

School of Physics and Optoelectronics, South China University of Technology,

Guangzhou 510640, China. E-mail: scxbyang@scut.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp03968d

Received 18th August 2023,
Accepted 23rd November 2023

DOI: 10.1039/d3cp03968d

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
9 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 S
ou

th
 C

hi
na

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 8
/2

9/
20

24
 1

:0
6:

53
 P

M
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-6923-1099
https://orcid.org/0000-0001-8851-1988
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp03968d&domain=pdf&date_stamp=2023-12-21
https://doi.org/10.1039/d3cp03968d
https://doi.org/10.1039/d3cp03968d
https://rsc.li/pccp
https://doi.org/10.1039/d3cp03968d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026003


2094 |  Phys. Chem. Chem. Phys., 2024, 26, 2093–2100 This journal is © the Owner Societies 2024

(Nc) and numbers of Wyckoff positions (Nw), we have efficiently
predicted structures such as ScO2 and TiO3 with dynamical
stability. Additionally, the discovered structures provide insights
into the coordination rules governing peroxides. The stability of
these structures is closely associated with O2�

2 induced by high
Nc, and the electronic structure is analyzed to provide a reason-
able explanation of the structural stability.

2 Computational methods

In all simulations, we have employed the Vienna Ab initio
simulation package (VASP) based on density functional
theory.38,39 The Perdew–Burke–Ernzerhof (PBE) generalized
gradient approximation was chosen to describe the exchange–
correlation interaction.40,41 A cutoff energy of 520 eV and a
spacing of 0.2 Å�1 between the k-points in the Brillouin zone
were used to ensure energy convergence to 1 meV per atom. The
residual atomic forces were constrained to a criteria of
0.02 eV Å�1. Phonopy code with the finite displacement approach
was employed to confirm the dynamical stabilities of the pre-
dicted structures.42,43 For the evaluation of thermal stability, we
used Ab initio molecular dynamics (AIMD) simulations at 500 K.
Those simulations were performed in the NVT ensemble for a
duration of 9 ps with a time step of 1.0 fs, and the kinetic
temperature was controlled by the Nosé–Hoover method.44

The formation energy (DH(a,q)
D ) of defect a and the average

formation energy (DEVO
) with different numbers of oxygen

vacancies can be calculated as follows:45

DHða;qÞD ¼ Eða; qÞ � Eð0Þ þ
X
a

na Dma þ msolida

� �
þ q EVBM þ Efð Þ

(1)

DEVO
¼ DH VO ;0ð Þ

D

.
nVO

�� �� (2)

where E(a,q) and E(0) are the total energy of the supercell with
and without defect a, respectively. na is the number of defect a.
A positive or negative value of na indicates the atoms are

removed or added, respectively. The q is the defect charge state.
The EVBM is the energy at the VBM of perfect structure, and Ef is
the Fermi energy relative to the EVBM. ma is the total energy of
the most stable phase corresponding to defect a. Here is the
oxygen molecule, bulk P6/mmm-Ti and Cmcm-Sc.

3 Results and discussion

The AFLOWLIB database provides a rich source of candidate
structures for transition metal peroxides,25 as shown in Fig. 1(a).
We extracted all non-equivalent binary metal and nonmetallic
structures from the AFLOWLIB database, resulting in a total of
10 947 structures. Among the transition metal oxides, the six
coordination motif is energetically preferable, with the metal
atoms adopting an octahedral configuration surrounded by oxy-
gen atoms. Furthermore, peroxides often follow supercoordina-
tion rules, as observed in compounds like Li2O2,46 and Na2O2.47

Based on the characteristics of stable structures, the metal atoms
with six or more coordination in the local environment were
selected, totalling 1093. Our previous studies have shown that
structures with smaller Nw tend to be more stable in binary
alloys.48 According to the global symmetry of structure, we further
refined the candidate structures with Nw less than four. The Ns

varies with Nc and Nw as shown in Fig. 1(b). We find that Nc and
Nw serve as useful indicators that can substantially reduce the
computational cost. We utilize the 554 candidate structures
indicated by the arrows in Fig. 1(b) for our following calculations.

3.1 Dynamically stable crystal structures of TiO3 and ScO2

Based on the high-throughput first principles calculations, we
have obtained formation enthalpies of possible TiOx and ScOx

candidates as shown in Fig. S1 (ESI†). All of the structures
residing in the convex hull are considered stable, while those
positioned above the convex hull are categorized as metastable.
Specifically, the P21/c-ScO2 and Pmmn-TiO3 structures, as
displayed in Fig. 2(a) and (d), are identified as metastable.
Compared with the P21/c and Pm%3n TiO3 predicted by previous

Fig. 1 (a) Framework for high-throughput material screening of transition metal peroxides based on the Wyckoff position and coordination numbers. (b)
The number of structures (Ns) in a certain number of Wyckoff positions (Nw) and with certain coordination number (Nc).
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work, the total energy of the Pmmn-TiO3 respectively decreases
by 1.41 and 2.75 eV per f.u.18,19 The detailed crystal information
for both the P21/c-ScO2 and Pmmn-TiO3 structures can be found
in the ESI,† Table S1.

To evaluate the dynamical stability, we calculated the phonon
spectrum for the bulk P21/c-ScO2 and single layered Pmmn-TiO3

using a primitive cell as shown in Fig. 2(b) and (e). We isolated a
single layer of the Pmmn-TiO3 from the bulk structure and added a
vacuum of 18 Å perpendicular to the plane, to prevent the
interactions between the periodic replicas in the out-of-plane
direction, as shown on the right of image Fig. 2(d). The absence
of any negative phonon frequencies confirms the dynamical
stability of the structures in our predictions. Moreover, we per-
formed AIMD at 500 K using a 4 � 3 � 3 supercell of ScO2 and a
6 � 4 � 1 supercell of TiO3 to assess the thermodynamic stability,
as shown in Fig. S2(a) and (b) (ESI†). The fluctuations of the total
energy and temperature are negligible, indicating high thermo-
dynamic stability. For the single layered Pmmn-TiO3, the cleavage
energy was found to be 0.32 J m�2, as shown in Fig. S2(c) (ESI†).
The value is smaller than the cleavage energies of many proposed
two-dimensional (2D) materials, such as GeP3 (1.14 J m�2),49 InP3

(1.32 J m�2),50 Ca2N (1.09 J m�2),51 and SnP3 (0.71 J m�2).50 The
proximity of the cleavage energy for TiO3 to that of our calculated
graphene (0.3 J m�2) suggests that the single layered TiO3 may be
relatively easy to cleave from the bulk phase using either mechan-
ical or liquid exfoliation processes.

In the ScO2 structure, the Sc atom is surrounded by seven O
atoms, containing one O2�

2 and six O2�. As shown in Fig. 2(a),

the O–O bond length is 1.47 Å. The structure has a total of three
Wyckoff positions, including two non-equivalent O atoms and
one Sc atom. For the TiO3, the Ti atom is surrounded by eight O
atoms, containing two pairs of O2�

2 and four O2�. The structure
obeys the rule of square antiprisms in metal octahedra,52 and has
three Wyckoff positions. As shown in Fig. 2(d), the lattice
information of the TiO3 follows an ABA sequence, and the
O2�

2 bond length in the surface layer is 1.45 Å. Regardless of
ScO2 or TiO3, the screening condition of Nc ensures the presence
of an informal oxidation state, leading to the formation of O2�

2 .
The Bader charge shown in the ESI,† Table S2, also shows that
the charge obtained by the O2�

2 is the same as O2�. Thus, we can
conclude that both the O2� and O2�

2 have captured two electrons.
In most cases, when the sum of composition weighed oxidation
state is zero, these compounds are typically insulators or semi-
conductors. In the case of ScO2, it can be regarded as having one
+3 valence for Sc3+, one +2 valence for O2� and a half of O2�

2 with
+2 valence. For the TiO3, it can be regarded as having one +4
valence Ti, one +2 valence O2�, and one O2�

2 with +2 valence.
Therefore, the appearance of band gaps for transition metal
peroxides are primarily regulated by the ratio of O2�

2 and O2�.
During the synthesis of materials, defects are inevitable,

especially in transition metal peroxides. Therefore, for the
ScO2, we consider several intrinsic defects, including oxygen
vacancies (V0O, V00O, at different positions), scandium vacancy
(VSc), interstitial oxygen and scandium (Oint, Scint), and antisite
defects (ScO, OSc), as shown in Fig. 2(a). We used a 3 � 2 � 2
supercell to calculate the formation energies corresponding to

Fig. 2 (a) and (d) Structures and defect types of the bulk ScO2 and layered TiO3. (b) and (e) Phonon-dispersion spectrum for ScO2 and TiO3. (c) and (f)
The formation energies of the intrinsic point defect as a function of the Fermi level for ScO2 with a 3 � 2 � 2 supercell and single layered TiO3 with a
4 � 3 � 1 supercell.
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these defects, as shown in Fig. 2(c). For both types of oxygen
vacancies, V0O and V00O, will result in the same configuration

after structural relaxation, and the DH VO;0ð Þ
D are 0.64 eV in

neutral VO. With the Fermi level over the 1 eV, the V3�
Sc is

energetically favorable. Since the TiO3 is a 2D material, we
calculated the intrinsic defects in a 4 � 3 � 1 supercell, only
including V0O, V00O, titanium vacancy (VTi), and antisite defects

(TiO, O0Ti, O
00
Ti), as shown in Fig. 2(d). It has been found that

introducing the V0O in layer A is energetically favorable, and the
DH(a)

D is low up �0.39 eV, as shown in Fig. 2(f).
Based on the crystal orbital Hamilton populations (COHP)

as shown in Fig. S2(d) (ESI†), we confirm that the O2�
2 exhibit

antibonding orbitals below the valence band maximum (VBM)
in both ScO2 and TiO3, thus reducing the structural stability.
This finding provides a comprehensive explanation for intro-
ducing one oxygen vacancy in O2�

2 as the most stable intrinsic
defect in transition metal peroxides. The presence of antibond-
ing orbitals caused by the O2�

2 is also common in metal
peroxides such as Li2O2.46

Negative DH(a)
D indicates that a structure with a high concen-

tration of oxygen vacancies might be stable in the layered TiO3.
To determine the defect concentration of oxygen vacancies in
the 2D Pmmn-TiO3, we enumerate all configurations of VO using
the Structures of Alloy Generation and Recognition (SAGAR)
method.37 Considering the DH(a)

D for TiO3, we find that the VO in
layer A has a much lower DH(a)

D compared with other intrinsic
defects. Thus, we focus on structures containing VO in layer A

using a 2 � 2 � 1 supercell. In Fig. 3(a), the average formation
energies DEVO

, varying with oxygen vacancy concentration are
given. The most stable structure is TiO2.5 corresponding to the
DEVO

of �0.45 eV. The red and blue triangles in the figure
correspond to the two types of oxygen vacancy. One is where the
single peroxide anion O2�

2 loses at most one O atom to form a
bridging oxygen anion (O2�

b ), and the other is that the structure
loses at least one complete O2�

2 . Fig. 4(b) shows both types of
structure in a 2 � 2 � 1 supercell, and the DEVO

of the former is
2.73 eV lower than that of the latter. When the oxygen defect
configurations have lost at least one complete O2�

2 in TiO3, the
structural stability is so low.

In order to fully investigate the distribution of oxygen

vacancies, we use the
ffiffiffi
5
p
�

ffiffiffi
5
p
� 1 and 3 � 3 � 1 supercell to

eliminate the influence of the cell size on the structural
stability. Taking into account that the O2�

b is energetically
preferable, only the VO are introduced at the red ball’s, as
shown in Fig. 3(c). All DEVO

are less than zero as shown in
Fig. S3(a) (ESI†), which strongly supports the validity of search-
ing for the distributions of O2�

b . The most stable structure is
still the TiO2.5 in a 2 � 2 � 1 supercell. To ensure that the
defective phases fail to separate, we have used perfect TiO3 and
TiO2 with layer A filled O2�

b as the reference phases, and given
the convex hulls of formation enthalpy (DEf) as shown in
Fig. 3(c). The calculated formula is defined as follows:

DEf(TiO3�x) = E(TiO3�x) � (1 � x)E(TiO3) �xE(TiO2) (3)

Fig. 3 (a) The average formation energy DEVO
varies with oxygen vacancy concentration for a 2 � 2 � 1 supercell in TiO3. The red triangles represent the

configuration in which the O2�
2 loses at most one O atom, while the blue triangle indicates that the structure loses at least one complete O2�

2 . (b)
Structures introducing single and double oxygen vacancies in the layer A of the 2 � 2 � 1 supercell TiO3. (c) The convex hulls of the enthalpy of formation
DEf with the perfect TiO3 and TiO2 as reference phases. The red balls in the structure indicate where oxygen vacancies are introduced. (d) The structure
diagram of TiO2.67, TiO2.5 and TiO2.33. The dark red balls represent the upper layer A of the structure, and the light red balls represent the lower layer A of
the structure.
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where Ef denotes the formation enthalpy of each composition.
The convex hulls plot clearly demonstrates the TiO2.5 with a
seven coordination configuration is the stable phase, and the
phase separation fails to appear. Fig. 3(d) gives the most stable
defect structure of three ordering phases: the TiO2.67, TiO2.5

and TiO2.33. In the case of TiO2.5, the O2�
b shows periodic

displacement in every unit cell along the x direction for the
TiO2.5, resulting in a complete seven coordinate in local struc-
ture around the Ti atoms. These ordering ground states exhibit
a relatively uniform distribution of O2�

2 and O2�
b , and satisfy the

initially defined Nc Z 6 and Nw r 3, which indicates the
rationality of our biased screening.

3.2 Electronic properties of transition metal peroxides

One crucial difference between O2�
2 and O2� is the presence of

highly localized electrons formed by the covalent bonds of the
O2�

2 . Fig. 4(a) shows the molecular orbitals and energy level
occupancy of O2�

2 . The highest filled orbitals correspond to the
fully occupied antibonding p�g orbitals in agreement with the

–COHP of Fig. 2(f). In order to better understand the changes in
the electronic properties induced by VO at O2�

2 , we also obtain the
stable phase with defects using the same calculation method as
TiO3. The average defect formation energies DEVO

vary with
vacancy concentration as shown in Fig. S3(b) (ESI†). However,

with increasing oxygen vacancy concentration, the structural
distortion appears greater, and the Nw is higher. Therefore, we
choose pDOS of ScO2 without the defect and ScO1.75 with
ordered VO to compare the electronic properties, as shown in
Fig. 4(c). The pDOS in the energy range �0.5 to 0 eV is mainly
attributed to highly localized electrons induced by O2�

2 in ScO2.
The orbital hybridization between Sc3+ and O2� is clearly
observed and concentrated in the energy range �4 to �1 eV
for the ScO2 without defect.

When the ordered oxygen vacancies are introduced, the orbital
hybridization between Sc3+ and O2� weakens. Despite the
O2�

1 failing to form antibonding p�g orbitals, it still has a significant

contribution to the VBM rather than introducing new impurity
bands within the band gap. The partial charge densities of ScO2

without and with the defect are fully demonstrated as the VBM is
mainly are contributed by O2�

1 and O2�
2 , as shown in Fig. 4(b).

Fig. 5 shows the pDOS and charge densities of TiO3, TiO2.5

and TiO2. From Fig. 5(a) we can see that the pDOS near the VBM
is mainly contributed by the pz of O2�

2 for TiO3, while the pDOS
near the CBM is formed by the dz2 of Ti4+. According to the partial
charge densities, we find that the charge distribution of the
energy range �0.5 to 0 eV is concentrated on the O2�

2 . Interest-
ingly, the pz orbital near the VBM is due to the presence of
delocalized electrons, which is significantly different from the bulk

Fig. 4 (a) Molecular orbital diagram of the peroxide anion O2�
2 . (b) and (c) The charge densities in the energy range �0.5 to 0 eV and partial density of

states (pDOS) for the atoms in ScO2 and ScO1.75. The zero position is the VBM. The O2�
1 represents the O2�

2 losing an oxygen atom.
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ScO2. The orbital hybridization between Ti4+ and O2�
2 near�0.6 eV

is clearly observed. With the introduction of VO to the surface, the
orbital hybridization moves to the VBM, resulting in a narrower
bandwidth, as shown in Fig. 5(b). The orbital hybridization
between Ti4+ and O2�

2 near the VBM is enhanced. For the TiO2.5,
three different types of O atoms (O2�

2 , O2�
in , O2�

b ) contribute
differently to the VBM. The pz orbitals of O2�

2 contribute the most,
followed by the px of O2�

in and the py of O2�
b . With the introduction

of the oxygen vacancy, the charges of O2�
2 near the VBM begin to

flow to the O2�
in and O2�

b , until with the complete loss of O2�
2 , the

VBM is mainly contributed by O2�
in and O2�

b , as shown in Fig. 5(c).
Moreover, the introduction of oxygen vacancies increases the band
gap. When all peroxides O2�

2 are lost, the band gap increases
to 2.76 eV. The absence of antibonding orbital p* induced by
O2�

2 may be one of the main reasons for the increase of band gap.

As the number of vacancies increases, the pDOS peaks of
O2�

2 and Ti4+ near the VBM are much sharper and narrower than
the TiO3 without defects. This is attributed to the charges combi-
nation and the strengthening hybridization between the Ti–O. The
stability of TiO2.5 relies on the enhancement of orbital hybridiza-
tion near the VBM. When the peroxide anion O2�

2 is completely
lost, the hybridization near the VBM almost disappears. The
stability of TiO3 introducing the oxygen vacancy is the result of
competition among the O2�

2 , O2�
b and O2�

in .

4 Conclusions

In summary, combining first-principles calculations and high-
throughput methods, we have efficiently screened novel

Fig. 5 (a)–(c) The pDOS and partial charge densities in the energy range �0.5 to 0 eV for the TiO3, TiO2.5 and TiO2. The zero position is the VBM.
The O2�

in represents the oxygen anion in layer B.
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semiconductor peroxides, such as ScO2 and TiO3. The clusters
of Sc around seven oxygen atoms are linked by peroxide anion
O2�

2 to form bulk ScO2, while the layered TiO3 has a square
antiprism with metal octa-coordination. Their VBM is primarily
contributed by the antibonding orbital p�g formed by O2�

2 . The

VO at O2�
2 is the most stable intrinsic defect, and the introduc-

tion of high concentration VO leads to the formation of an
ordered phase, such as ScO1.75, TiO2.67, TiO2.5 and TiO2.33. In
both ScO1.75 and TiO2.5, the presence of VO at O2�

2 induces
charge transfer between transition metal and O atoms com-
pared with the perfect cell. The O2�

1 of ScO1.75 and O2�
b of TiO2.5

still contribute to the VBM. The continuous increase in the
electronic band gaps from TiO3 to TiO2 can be attributed to the
diminishment of antibonding orbital p�g. Furthermore, the

presence of VO at O2�
2 can strengthen the orbital hybridization

of Ti–O to improve the structural stability for TiO2.5. The
discovery of transition metal peroxides not only expands the
range of peroxide materials but also highlights the remarkable
effectiveness of our high-throughput approach.
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