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Abstract: This work presents first-principles calculations on the surface and defect impact upon zinc
stannate (ZS) materials with perovskite bulk structures. The structure and electronic properties of
both a perfect 001 surface and surfaces with a point defect of ZS were investigated by means of
density functional theory calculations. The cohesive energies of a perfect 001 surface and those with
O, Sn, or Zn defects were decreased compared with that of bulk ZS. Oxygen defects on the 001 surface
of ZS formed more easily than others based on the obtained cohesive energy and defect formation
energy. The electronic properties close to the Fermi levels of bulk ZS materials were mainly controlled
by the O 2p and Sn 5s orbitals. The formation of vacancy on the 001 surface of ZS changed the band
structure and band gap compared with that of the bulk. The modulation mechanism was explored by
means of structure transformation, band structure, and density of states analysis.

Keywords: perovskite structure; zinc stannate; surface effect; point defect; DFT

1. Introduction

Environmentally friendly flame-retardant materials with high performance are impor-
tant and fundamental to green, low-carbon, and sustainable development [1]. At present,
polymer materials are gradually being used in various applications such as construction,
electronic devices, medicine, and transportation due to their advantages of light weight,
easy processing, and low cost. However, most polymer materials are flammable organ-
ics [2]. This leads to a gradual increase in the frequency of fires, resulting in serious property
damage. At the same time, some organic polymer materials produce a significant amount
of pungent smoke during combustion [3], and the accompanying toxic and harmful gases
directly endanger people’s lives and increase the pressure on fire rescue personnel. There-
fore, how to improve the flame-retardant properties of polymer materials is a problem that
is currently receiving much attention. Research into flame-retardant polymer materials
has gradually become a hotspot [4,5]. Among them, adding flame retardants to reduce the
incidence of fire is an important research direction [6].

Whether polymer materials have strong flame-retardant properties mainly depends
on the selection of flame retardants. Therefore, the properties of flame retardants are
of great significance for the application of polymer materials [7]. The flame retardants
currently used in polymer materials can be divided into additive flame retardants and
reactive flame retardants according to the relationship between the additives and flame-
retardant materials [8,9]. Reactive flame retardants are used as monomers to bond with
the material during the polymerization process, which usually has little effect on the
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properties of the material itself and can achieve flame-retardant effects [10]. The simpler
and more widely used are additive flame retardants [11], which are directly mixed with
the materials and have convenient and wide-ranging applications. More than 85% of the
flame retardants currently used are additive flame retardants. Additive flame retardants
currently mainly include phosphorus-based, nitrogen-based, silicon-based, halogen-based,
intumescent, inorganic fillers, etc. [12]. However, most flame retardants have certain
toxicity [13,14]. For example, halogenated flame retardants will release corrosive gases
when burning, which will endanger human life. Compared with traditional phosphorus-
based and halogen-based flame retardants, and smoke suppressants, tin-based flame
retardants have attracted extensive attention from researchers due to their excellent flame-
retardant and smoke-suppression properties. Zeng et al. studied the ethanol-gas-sensing
characteristics and mechanism of ZnSnOj3 [15]. Among them, zinc stannate (ZS) flame-
retardant products have non-toxic and non-polluting properties, which are very suitable
for today’s green environmental protection requirements and are expected to become a new
type of high-efficiency flame-retardant smoke suppressor combined with the modern high-
speed development of polymer materials [16,17]. Previous experiments have successfully
prepared ZS products using co-precipitation synthesis, the hydrothermal method, the
aqueous solution method, Pechini, and other methods, and some predecessors have applied
ZS5-coated metal oxides, microencapsulation, and other composite materials into flame-
retardant PVC products [18]. Therefore, it is of great significance to study the microstructure
and properties of ZS at a deeper level.

It is well known that the properties of materials are closely related to their microstruc-
ture. For metal oxide-based materials such as ZS, their stability, lifetime, and functionality
strongly depend on their interface and defect behavior. Generally, the excellent flame-
retardant properties of inorganic flame retardants, such as metal oxides, mainly come from
the surface oxide film layer [19]. The oxide film layer acts as a protective barrier to prevent
combustion inside the material and the polymer structure itself due to environmental
corrosion [20]. Physicochemical processes such as atom/molecular adsorption, crystal
form transformation, chemical bond relaxation, and breakage usually preferentially occur
at point defects on the surface of metal oxide films [21]. Studies have shown that the
generation of surface defects can effectively improve their physical and chemical properties
to enhance the interaction between reactants and catalyst surfaces, thereby affecting the
adsorption—activation—transformation process of reactants at the interface of the catalyst
with water or gas [22,23]. This is very important for the modification of surfaces’ electronic
properties and reactivity, which in turn affects the performance of metal oxide materials in
molecular recognition, information transmission, catalysis, and other applications, making
it the focus of research in recent years [24-26]. At the same time, this is also one of the basic
topics of surface science today.

Therefore, it is very important to study the defects of the ZS surface to systematically
understand and modulate its flame-retardant properties. However, only a few studies have
been conducted on the electronic structure of ZS [4,27-29]; Liu et al. studied the struc-
ture, elasticity, and electronic properties of ZnSnO3 under pressure using a first-principle
method [29]. The correlation between their microstructure and functional properties has
not been established. According to our systematic investigation of the published work, the
current work mainly focuses on the theoretical calculations of ZS bulk structure to obtain
information such as the energy and band structure [4]. No work has been reported on the
effect of point defects on electronic structure and properties for ZS. A thorough understand-
ing and explanation of the influence of these intrinsic defects on the stability, electronic
band structure, and density of states (DOS) characteristics of ZS is the theoretical basis for
the construction of new flame-retardant materials. In this work, first-principles calculations
were performed on the structure and electronic properties of perovskite ZnSnO3 bulk and
its low-index surface (001) with the density functional theory (DFT) method. The stability
of three-point defect structures on the 001 surface was studied. The work could have
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important theoretical guidance for the design, construction, and application of ZS-based
composites as flame-retardant materials.

2. Results and Discussion
2.1. Geometry Structure

ZnSnOj is an R3c structure with an asymmetric center, which belongs to the typical
ABOgs-type perovskite crystal [30]. The calculation accuracy of the bulk crystal will directly
affect the subsequent surface analysis, so we first provide the calculated structural param-
eters of the bulk ZS [30]. The lattice constants of bulk ZS by structure optimizations are
shown in Table 1. It can be seen that the lattice constants of bulk ZS by first principles
in this study are a = 5.351 A and ¢ = 14.224 A. The experimental values are a = 5.344 A
and ¢ = 14.221 A [4]. The calculated values in this study are in good agreement with the
reported experimental value [4], and the error is within 0.01 A. The previous calculations
using the density functional theory PBE and the general potential linearized augmented
planewave (LAPW) method yield the results of a = 5.562 A and ¢ = 14.003 A [31], with larger
errors than those in this work compared with the experimental ones. This shows that the
calculation method in this work has high accuracy, and the selection of various parameters
in the calculation is also reasonable. The deviation between the lattice parameters obtained
in this study and the calculated value [31] is approximately 3.9%, which is caused by the
inherent error of GGA calculation, which meets the requirements of calculation accuracy
and does not affect the conclusions of this paper [25].

Table 1. Lattice constants of ZnSnOj3 (experimental, calculated, and this work, in A).

Lattice Constants a=b C References
Exp. 5.344 14.221 [4]
Cal. 5.562 14.003 [31]
This work 5.351 14.224 /

To further investigate the effect of defects on the surface geometry, we analyze the
radial distribution function (RDF) of the bulk and surfaces of ZS. RDF of ZnSnO3 bulk;
perfect 001 surface; and surfaces with Vg, Vg, and Vz, defects are shown in Figure 1
and Figures S1-55 in Supplementary Materials. From the figures, the peaks located at
approximately 2.102 A are all attributed to O-Sn or shorter O-Zn bonds (2.026 A) for these
five structures. The peaks at approximately 2.413 A are mainly longer O-Zn bonds (2.356 A)
for these ZS-based systems. While the peaks at approximately 3.024 A mainly contributed
to Sn...Zn interactions, the small peaks after 3.421 A for the whole five systems mainly
contributed to the sub-neighboring O...5n and O...Zn interactions.

It can be seen that the overall structure and peak position of the total RDF of ZnSnOj3
bulk, perfect 001 surface, and the three surface defects are similar, which means that the
atomic interactions in all of the slab structures of ZS almost maintain the characteristics
of bulk ZnSnOj3. Therefore, although the surfaces with or without defects are different
from the bulk, they still retain the essential geometrical properties of the bulk materials to a
certain extent.

Compared with the total RDF of the perfect 001 surface, it can be found that the
O-Zn peak intensity decreases by approximately 2.408 A for the total RDF of the Vo and
Vzn defects, which is mainly caused by the breakage of the O-Zn bond. The Vg and Vz,
defect systems appear to have new peaks at approximately 1.754 A and a small peak at
approximately 3.012 A, which is rather different from that in the perfect 001 surface. This is
because the Vo defect and Vz, defect break bonds with the atoms originally connected to
them during the formation process. These broken atoms undergo geometric reconstruction
on the defective surface to seek an equilibrium state with the generation of new chemical
bonds.
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Figure 1. Radial distribution functions of ZnSnOj. (a) bulk; (b) perfect 001 surface; (c) Vo surface;
(d) Vg, surface; (e) Vz, surface.

At the same time, we compare and analyze some structural changes among the bulk,
perfect surface, and three defect models. We find two different O-Zn bonds (2.026 A and
2.356 A, respectively) and two different O-Sn interactions (2.074 A and 2.135 A, respectively)
in the zinc stannate bulk and also distribute three common bond angles, which are Sn-O-Zn
(117.2°), O-Zn-O (109.9°), and O-Sn-O (99.1°). In the 001 perfect surface model, we can
also find the above two O-Zn, O-Sn bonds, and three bond angles, which shows that the
surface material and bulk material of the slab model maintain a good consistency. After the
structure optimization of the Vo defect model, the O-Zn bonds near the defects changed to
1.901 A, 2.069 A, 2.109 A, and 2.219 A, respectively, which is also the reason for the new
small peaks in the RDF. The O-5n bond changed to 2.047 A and 2.178 A, respectively, and
the three bond angles also changed, namely Sn-O-Zn (113.3°), O-Zn-O (119.4°), and O-5n-O
(99.1°). After the Vg, defect is formed, the geometric structure around it changes relatively
little. The O-Zn bond changed to 2.026 A and 2.261 A, the O-Sn bond changed to 2.038 A
and 2.197 A, and the three bond angles changed as Sn-O-Zn (119.6°), O-Zn-O (117.4°), and
O-Sn-0 (99.1°). After optimization, the O-Zn bonds near the V, defects vary to 1.962 A,
2.083 A, 2.105 A, and 2.289 A, and we find that this variation is in good agreement with
the peak energies that appear in the RDF. The O-Sn bond changed to 2.024 A and 2.163 A,
and the three bond angles also changed to varying degrees, namely Sn-O-Zn (114.4°),
O-Zn-0O (118.9°), and O-Sn-O (106.8°). These changes occurring around the three defects
are consistent with the intermolecular interactions exhibited by RDE. The bond lengths and
bond angles of the three defect models with large changes after structural optimization are
shown in Figure S6 in the Supplementary Materials.

In order to further understand the geometric structure changes around the defect,
we also analyzed the Mulliken charge population of the atoms around the defect. The
charges of the surface atoms on the 001 perfect surface of zinc stannate are Og; (6.779 e),
ng (6.779 e), 084 (6.780 e), 085 (6.780 e), 087 (6.778 e), 089 (6.778 e), and Zn37 (11.540 e).
The charges of the Og; and Zn3; atoms around the optimized Vg defect are 6.822 e and
11.629 e, which are lost by 0.043 e and 0.089 e, respectively. The absence of O atoms leads
to the formation of a cationic center around the defect. The Og;, Og4, Ogy, and Zns; atoms
around the Vg, defect obtained 0.262 e, 0.259 e, 0.256 e, and 0.176 e, respectively, and the
formed charges were 6.517 e, 6.521 e, 6.522 e, and 11.364 e. During the formation of Vz,
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defects, the charges of the Ogj, Ogs, and Ogg atoms around them are 6.609 e, 6.608 e, and
6.612 e, and they are, respectively 0.170 e, 0.172 e, and 0.166 e. The absence of Sn and Zn
atoms results in the formation of an anionic center around the defect.

2.2. Energy and Stability

The cohesive energy is defined as the energy required to disperse a condensed matter
until the atoms are isolated, and it is used to measure the atomic tightness of the materials.
The cohesive energy can be calculated by the following formula obtained:

Econ = (Etot — Eatom-x X Nx)/Niot

where Ey; is the total energy of various cells, Egom-x is the isolated atomic energy for
an x-type single atom, Ny is the number of x-type atoms in a cell, and Ny is the total
atomic number of a cell. In general, cohesive energy is presented as a positive value and
can be directly obtained from DFT calculations at the same computational levels with
the ADF code. This parameter refers to the energy required for the elimination of the
intermolecular force gasification of condensed matter and can measure the force between
aggregated matters. The E.,, of bulk ZS; perfect 001 surface; and surfaces with Vz,, Vo,
and Vg, vacancy defects are shown in Table 2. It can be seen that the E,,;, of bulk ZnSnOs
is 5.324 eV /atom. The E_,;, of the 001 surface of ZS is 5.099 eV /atom. That is, the Ey, of
the 001 surface of the slab-type ZnSnQOjs is reduced by 0.225 eV /atom compared with that
of the bulk. Therefore, the slab structure is less thermodynamically stable than that of the
bulk for ZnSnOj3. This is because the slab model is formed by bulk cutting, which causes
the lattice to abruptly stop at the surface, leading to a decrease in the average coordination
number. After further introducing defects, the E_, of the 001 surfaces with a Vz,, Vo, and
Vgn defects are 5.122, 5.143, and 5.069 eV /atom, respectively. Among them, the Ey, of
the Vg, surface model is smaller than that of the defect-free surface, while the E,;, of the
model with Vg and Vg, increased by 0.023 and 0.044 eV /atom, respectively. It can be seen
that, although oxygen and zinc defects exacerbate the distribution of dangling bonds, the
formation of these oxygen and zinc defects on the 001 perfect surface of ZS is a favorable
process from the perspective of thermodynamic cohesion, especially for oxygen defects.

Table 2. Cohesive energy and defect formation energy of ZnSnOj3 bulk; perfect 001 surface; and
surfaces with Vyz,,, Vg, and Vg, defects.

Models E.on/eV/IAtom EfeV

Bulk ZS 5.324 /
001 surface 5.099 /
Vyz,, surface 5.122 1.175
Vo surface 5.143 —4.318
Vg, surface 5.069 4.928

Another important parameter to measure the stability of defective surfaces is the
defect formation energy (Ey) [32], which can be calculated as follows:

Ef=Egef — Eper — 1iNi

where Ef is the total energy of the system with defects, Epr is the total energy of a perfect
unit cell, N; is the number of I atoms increasing or decreasing (negative when i decreases,
positive when i increases), and u; is the chemical potential of i atom. We choose yz,, #sn,
and o as the binding energy per atom of the crystal Zn, crystal Sn, and O, molecule,
respectively, with the same calculation methods according to previous reports [33].

The calculated E; of 001 surfaces with Vz,, Vo, and Vg, are shown in Table 2. From a
thermodynamic point of view, at higher energy, the reaction of the system will not proceed
spontaneously. Therefore, the lower Ey indicates a more stable system [34]. When E is
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negative, it means that heat is released during the formation of defects. The smaller the
value for Ey, the lower the energy required to generate the point defect, and thus the easier
it is to form the point defect. On the contrary, when the formation energy is positive, it is
an endothermic process, and it is not easy to generate the defect [35,36]. From Table 2, the
Ef of the Vz,, Vo, and Vg, surfaces are 1.175, —4.318, and 4.928 eV, respectively. Among
them, the Ef of the surface with the Vo defect is negative. That is, from a thermodynamic
point of view, the formation of O vacancies on the 001 surface of ZS is favorable and is an
exothermic process. However, the E; of Vz, and Vg, are both positive numerically and
belong to the endothermic process, which is relatively thermodynamically unfavorable,
especially for Vg, defects. Therefore, compared with the Vz, and Vg, defects on the 001
perfect surface of ZS, the formation of O vacancy defects requires the lowest energy and is
thermodynamically easier to form [37], which is consistent with the above study based on
cohesive energy.

2.3. Band Structure

The electronic structure of bulk ZS was calculated to understand the mechanism
of the electronic properties of the bulk material with a comparison of those perfect and
defective surfaces. Figure 2 is the calculated band structure of bulk ZS. It can be seen
that the conduction band minimum (CBM) and valence band maximum (VBM) of the
ZnSnO;3 bulk are both located at the I point of the first Brillouin zone, with energy levels of
—5.995 and —6.923 eV, respectively. Therefore, the bulk ZS material forms a direct band
gap of 0.928 eV at the I point. It should be pointed out that GGA usually underestimates
the band gap in most cases [38]. The band gap of zinc stannate bulk calculated by Wang
et al. using the density functional theory full-potential linearized augmented plane-wave
method (FP-LAPW) is 1.0 eV [4], which is in good agreement with the data in this study. It
is found that the band near the CBM is contributed by the s orbital of the Sn atom, while
the band near VBM is contributed by the p orbital of the O.

1
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L 1

Energy(eV)
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& & A

|
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Figure 2. Band Structure of Bulk ZnSnOs.

Figure 3 shows the band structures of the perfect 001 surface and the surfaces with
Vo, Vsn, and Vz, vacancies. It can be seen that the VBM of the perfect surface and surfaces
with Vo, Vg,, and Vg, defects are located at —5.132, —5.604, —5.701, and —5.925 eV, and
the CBM is located at —4.122, —4.614, —4.693, and —4.911 eV, respectively. Therefore, the
001 perfect and defective surfaces all present as a semiconductor with a direct band gap of
approximately 1.010, 0.990, 1.008, and 1.014 eV.
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Figure 3. Band structures of 001 perfect surface (a), Vo (b), Vs (¢), Vz, (d). The dotted line is the
Fermi level.

Compared with that for the bulk ZS, the formation of the 001 surface resulted in
an increase of 0.082 eV in the band gap, and the entire band structure had a downward
shift. However, the overall characteristics of the band structures for the 001 surface of
ZS remain nearly consistent with that for the bulk. CBM of 001 perfect surface moves to
—4.122 eV from —5.995 eV in bulk materials, and VBM moves from —6.923 eV to —5.132 eV,
with a shift of 1.791 eV. This indicates that cutting surface structures from the bulk could
change the energy levels and band gaps for ZS materials. Then, we focus on the defective
surfaces. The presence of Vo, Vgp, and Vz, defects causes the entire bands to move toward
the valence band (Figure 3b—d) compared with that in the perfect surface. Among them,
the band shift of the Vz, defect is the largest (0.793 eV downward). The formation of
the three defects also leads to some new energy levels in the band structures near VBM.
This is mainly because Vo, Vg, and Vz, vacancy defects will produce different electronic
interactions during the defect formation, resulting in subtle differences between the original
bands. Of course, despite some changes, the VBM and CBM of the defective systems are
still contributed by the p orbital and s orbital, respectively. It is noticed that the perfect
surface and various defective surfaces had different responses to molecular adsorption.
This is mainly due to the different geometrical arrangements around the defect caused by
the atomic absence. As a result, the properties of the material exhibited by specific surfaces
and defects will vary.

2.4. Density of States

The total and partial DOS of ZS bulk; perfect 001 surface; and surfaces with Vg, Vg,
and Vz, defects are shown in Figure 4 and Figure S7 in the Supplementary Materials.
It is noted that the DFT calculations here are conducted using the self-consistent field
crystal orbital (SCF-CO) method. This method constructs the DFT wave function using the
linear combination of atomic orbitals (LCAO) and is widely used to discuss the electronic
properties of various periodical systems for materials [39—41]. It was found that the lowest
region for the valence band of ZS bulk is mainly occupied by the 2s orbital of O atoms,
with combinations of a small amount of 5p orbitals of Sn atoms. A DOS from —15.023 to
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—12.512 eV contributed to the 5s electrons of the Sn atoms mixed with 2p electrons of O
atoms. From —12.507 to —10.032 €V, it is mainly 3d orbitals of Zn and a small amount
of 2p of O together with 5p of Sn. In the regions of —10.045 to —6.317 eV for the valence
band, DOS mainly contributed to the 2p state of O, with some 5p state of Sn and 3d state of
Zn, which indicates the occurrence of orbital hybridization between them. The bottom of
the conduction band from —5.028 to —2.531 eV mainly contributed to 5s orbital of Sn in
bulk ZS, and those above —2.534 eV are mainly the 5p electronic state of Sn. Therefore, the
electronic properties close to the Fermi levels of ZnSnO3 bulk are mainly dominated by the
5s of Sn and the 2p of O. This is consistent with the conclusion obtained by Gou et al. in
the study of a zinc stannate system [27,42]. The electronic configuration of the Zn and Sn
in the zinc stannate is (n — 1)d!%ns®. It is well known that the electronic structure of the
transition metal oxide with d!° electron configuration in the perovskite ABO; is generally
determined by the O 2p and the s orbital of transition metal. This is consistent with the
conclusion obtained by DOS analysis in this work.

12 . ' v . . .

total,
0

Sn
Zn

[ g ’ s total,,,
M () i

Sn

DOS(states/Hartree)

Energy(eV)

Figure 4. Density of states of ZS. (a) bulk; (b) perfect 001 surface; (c) Vo surface; (d) Vg, surface;
(e) Vzy, surface.

From the DOS of the perfect 001 surface of ZS in Figure 4, the total DOS of the perfect
surface is somewhat different from that of the ZS bulk. The relative position of the 001
perfect surface Fermi level shifted upward by approximately 0.825 eV. The reason for this
difference is that the slab model is used for the surface, which leads to some dangling
bonds due to the abrupt termination of the atoms. Additionally, the co-existence of Zn,
Sn, and O atoms in the surface layer compensates the dangling bonds to a certain extent,
reduces the influence of the external environment, and stabilizes the surface [38,43]. This
makes the perfect 001 surface of the ZS and the bulk material show a relatively similar
overall structure, which is also an important reason for the change in the relative position
of the Fermi level and electronic structure. In the regions of —15.035 to 5.042 eV in DOS,
the intensity of the DOS peaks of ZnSnOj3 bulk is significantly lower than those of the 001
perfect surfaces. This indicates that the interatomic electron interactions of the surface are
stronger than the bulk.

From the DOS of the defective surfaces of ZS in Figure 4, it is found that the formation
of Vo, Vg, and Vz, defects leads to a slight change in DOS distributions, and the overall
characteristics are consistent with that for the perfect surface. The formations of three
defects shift the Fermi level and the density of states downwards. Among them, the surface
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with Vz, shifts the most by 0.812 eV. This shift is also observed for the band structures
mentioned above. It is also similar to the conclusions of the lead sulfide system with point
defects in previous reports [44]. Due to the absence of atoms, the peak intensities of the
defective systems of ZS are lower than that of the perfect surface.

The changes in the DOS and band structure near the VBM of the surface with Vg
vacancy defects (Figure 3b) were further analyzed and compared with that of the perfect
surface. It is found that there is an obvious splitting peak at the top of the valence band.
The partial DOS of Zn near the Fermi level in the system with Vg vacancy is significantly
reduced. This is mainly caused by the removal of O atoms, which causes the two Zn
atoms that are originally connected to break the bond and reconnect to form a new bond.
Compared with that of the perfect surface, the DOS of the surfaces with Vg, vacancy and
Vz, vacancy appears at a new peak at the Fermi level. Combined with Figure 3c,d, it
is also found that there are new electronic bands formed near the VBM. This is mainly
because the absence of Sn and Zn atoms causes the surrounding atoms to form unsaturated
bonds. Thereby, this could destroy the potential energy field, leading to the irregularity
and distortion of the crystal’s periodic arrangement [45].

3. Models and Computational Methods
3.1. Structure and Models

The bulk model of ZS is shown in Figure 5. The properties of the materials are closely
related to the structure. Tin and zinc elements usually exist in nature with valences of +4
and +2, and they can form a perovskite ternary composite metal oxide with oxygen atoms
belonging to the R3c structure of the trigonal system [37]. The perovskite-type ZnSnOs
bulk (R3c structure with an asymmetric center) was selected in this study.

¥ -
ot

B PX

Figure 5. Structure of perovskite type ZnSnOj3 bulk. Red, blue and yellow are O, Zn and Sn atoms
respectively.

Each layer of Zn, O, and Sn atoms contained in the perovskite ZnSnO3 bulk material
is equivalent. This paper focuses on the study of the 001 surface of the ZnSnO3 material
and the surfaces with point defects. These defective models were obtained by removing
one corresponding atom from the perfect 001 surface of ZS (Figure 6). The initial model of
a perfect 001 surface structure was obtained by cutting the optimized bulk ZS. In order to
reduce the interaction between the adjacent defects, the unit cells of the 001 surface were
expanded by 2 x 2. The surface lattice parameter a = 10.702 A after expanding into a 2 x 2
supercell. In the 2 x 2 supercell structures without defects, there are 120 atoms in total.
It can be seen from Figure 6b that there are 18 layers in this model. The first layer has
4 equivalent Zn atoms, the second layer has 12 equivalent O atoms, and the third layer has
4 equivalent Sn atoms. Jiang et al. calculated different 001 terminal surfaces of zinc stannate



Inorganics 2022, 10, 258

10 0f 13

in the pnma space group using the DFT method [46]. The zinc stannate 001 surface of the
perovskite R3¢ space group also has two different terminals (as shown in Figure 6b): Zn-O
and Sn-O. From the results of the DFT calculations, it was found that the Zn-O terminal
surface of R3c-type zinc stannate is more stable than that of that with Sn-O terminations by
0.061 eV/atom per cell. Therefore, the studies on the stability and electron properties of
defective zinc stannate surfaces in this work are limited on the models with Zn-O terminals.

Therefore, the defective surface model can be obtained through the removal of one Zn, O,
and Sn atom [22] in the first three layers of the supercell, respectively, for Zn vacancy (Vzy),
O vacancy (Vp), and Sn vacancy (Vs ) (Figure 7). There were 119 atoms in each defective
ZS surface.

Figure 7. Structures of O defect (a), Sn defect (b), Zn defect (c) on 001 surface of ZS. The defect
locations are marked with red circles.

3.2. Computational Methods

All of the DFT calculations in this paper were performed in the BAND module with
the help of the Amsterdam Modeling Suite (AMS) software platform [32]. The interaction
between the electrons adopts the PBE as a DFT functional under the generalized gradient
approximation (GGA) [3]. The geometry and electronic properties of all models were
calculated using the self-consistent field crystal orbital (SCF-CO) method, which defines the
wave function as a linear combination of atomic orbitals (LCAO). The dispersion correction
method of DFT, DFT+D3, is used to correct the influence of van der Waals forces in the
calculation. The Slater-type basis functions and the double-(+ polarized orbital DZP basis
sets are used to describe the periodic system [23]. A very large vacuum distance in the z
direction is used to calculate the surface model, which can reduce the interaction of the
periodic system and make results more realistic. The precision of SCF energy convergence
is 107> Hartree/cell. In the process of geometric optimization, the detailed calculation is
performed using the normal settings. To achieve more accurate results, a good setting is
used to calculate the electronic properties. When calculating the ZnSnOj3 bulk, the k-point
sampling grid of the first Brillouin zone is 3 x 3 x 3, and the k-point sampling gridis 5 x 5
for the surface model. Both the plane wave method and the linear combination of atomic
orbitals (LCAO) method are common computational methods in materials calculations.
The LCAO method has been accepted and recognized by various publications. Unlike the
plane wave method, there is no cut-off energy involved in LCAO. Additionally, an energy
convergence of 10~ Hartree/cell is accurate enough for SCF calculations.
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4. Conclusions

In summary, first-principles DFT calculations are conducted to investigate 001 perfect
and defective surfaces for perovskite ZnSnOj3. The structures and electronic properties of
these ZS materials are studied in detail. The main conclusions are as follows:

(1) The perfect 001 surface and the those with Vo, Vgp, and Vz, defects lead to a decrease
in the cohesive energy compared with the bulk ZS. Vg vacancy defects system presents
both the largest cohesive energy and the most negative defect formation energy.
Therefore, from a thermodynamic point of view, Vg defects on the 001 surface of ZS
are easier to form than other defects.

(2) The formation of the Vg, Vg, and Vz, vacancies on the 001 surface of ZS slightly
changes the band structure and band gap compared with that of the bulk. The
existence of these defects makes the relative positions of CBM and VBM move toward
the valence band, while the overall band gap does not change greatly compared with
that of the perfect surface.

(3) According to DOS analysis, the electronic properties close to the Fermi levels of bulk
ZS materials are mainly controlled by the O 2p and Sn 5s orbitals. The introduced
surface and defects could lead to the rearrangement of the geometric structure. These
defects and structural changes have affected the electronic properties to a certain
extent and are slightly different to those without defects.

From the above results, the point defects could affect the electronic properties of zinc
stannate surfaces. These finding are important to understand zinc stannate as a flame
retardant on the microstructure. Research on the flame-retardant mechanisms of different
defect zinc stannate structures is still on going in our group.
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www.mdpi.com/article/10.3390/inorganics10120258 /51, Figure S1: The radial distribution functions
of zinc stannate bulk; Figure S2: The radial distribution functions of the 001 perfect surface; Figure S3:
The radial distribution functions of the O defect; Figure S4: The radial distribution functions of the Sn
defect; Figure S5: The radial distribution functions of the Zn defect; Figure S6: Structures of O defect
(a), Sn defect (b), Zn defect (c) on 001 surface of ZS; Figure S7: Total and partial density of states of
ZnSnOj3 bulk.
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