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a b s t r a c t

The recent dramatic improvements in high-performance thermoelectric (TE) oxides provide new exciting
applications in the TE field, but the mechanical properties so important for engineering applications
remain largely unexplored. Based on density functional theory (DFT) calculations, we report the ideal
strength, deformation mechanism, and fracture toughness of such TE oxides as n-type ZnO and SrTiO3

and p-type BiCuSeO and NaCo2O4. The ZneO and TieO bonds forming the 3D ZneO and TieO frame-
works dominate the deformation and failure mechanisms of ZnO and SrTiO3, respectively. Due to the
higher stiffness of TieO octahedra compared with that of ZneO tetrahedra, SrTiO3 exhibits more robust
macro-mechanical properties such as elastic modulus and fracture toughness than ZnO. The BieSe and
NaeO bonds, which couple the different 2D substructures, are responsible for the relative slip in BiCuSeO
and NaCo2O4, respectively. Since the ZneO and TieO bonds are much stronger than the BieSe and NaeO
bonds, we find that n-type ZnO and SrTiO3 have a higher ideal strength and fracture toughness compared
with p-type BiCuSeO and NaCo2O4. This work reveals that for TE module applications of oxides, it is most
important to significantly improve the mechanical properties of the p-leg.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The world's energy overconsumption, including the rapid
depletion of fossil fuels, has led to severe environmental impacts on
the global climate change. Thermoelectric (TE) energy conversion
technology, which directly converts waste heat into electrical en-
ergy with no moving parts, could play a significant role in the so-
lution for global sustainable energy [1,2]. However, engineering
applications of TE materials lead to thermo-mechanical stresses
that can cause crack or fatigue damage in TE materials, resulting in
the failure of TE devices [3]. Consequently, it is essential to improve

such mechanical properties as strength and fracture toughness for
developing commercially viable TE devices.

The materials with the best TE properties are semiconductors
containing such heavy (mostly toxic) elements as Bi, Pb, Sb, or Te
[4e7], but these compounds are easily oxidized when subjected to
air at high temperatures during heat recovery. Thus TE oxides
exhibit better stability in ambient conditions, which enable the
fabrication of more durable devices. The thermoelectric figure of
merit (zT, zT ¼ a2sT=k, where a is the Seebeck coefficient, s is the
electrical conductivity, T is the temperature, and k is the thermal
conductivity) of oxide materials has been remarkably enhanced
within the last two decades [8e11], leading to values up to zT¼ 1.4
[11], but their mechanical properties are not well established,
which limit their applications.

Efficient TE devices require both p- and n-type legs, preferably
made of compatible materials with simultaneous high zT values
and robust mechanical properties. The discovery of good 3D n-type
oxides including doped SrTiO3 based perovskites and ZnO, and

* Corresponding author. State Key Laboratory of Advanced Technology for Ma-
terials Synthesis and Processing, Wuhan University of Technology, Wuhan, 430070,
China.
** Corresponding author.

E-mail addresses: guodonglee@whut.edu.cn (G. Li), zhangqj@whut.edu.cn
(Q. Zhang).

Contents lists available at ScienceDirect

Acta Materialia

journal homepage: www.elsevier .com/locate/actamat

https://doi.org/10.1016/j.actamat.2018.02.063
1359-6454/© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Acta Materialia 149 (2018) 341e349



promising p-type oxides such as layered BiCuSeO and NaCo2O4, has
broken a new ground in the TE research field [8e11]. ZnO is a
promising high zT material due to its high melting point, high
electrical conductivity, and high Seebeck coefficient [12]. However,
the thermal conductivity of ZnO (~40W/mK for polycrystalline
samples at 300 K [13]) is very high compared to other TE materials.
Thus, the reduction of the thermal conductivity is essential for
obtaining high zT values in n-type ZnO. Ohtaki et al. used Al and Ga
co-doping to successfully reduce the thermal conductivity,
obtaining zT¼ 0.65 at 1273 K for Zn0.96Al0.02Ga0.02O, which is, to the
best of our knowledge, the highest zT in bulk n-type oxides [14].
SrTiO3 has received wide attention as a TE material because doped
SrTiO3 exhibits n-type conduction behavior with high carrier
mobility and high power factor [15]. However, the observed high
thermal conductivity due to its simple crystal structure limits the zT
values to <0.2 [10]. Through a nano-scale modulation doping
strategy, Zhao et al. achieved a record high zT above 0.6 at
1000e1100 K in Nb-doped SrTiO3 [16]. BiCuSeO is a potential p-
type TE candidate exhibiting the highest zT value (~1.4) in oxides
[11]. The intrinsically low thermal conductivity of BiCuSeO suggests
that the most effective method to improve its zT value is enhancing
the electrical transport properties, such as optimizing the carrier
concentration through doping [17], increasing the carrier mobility
through texturing [18], and band gap tuning [19]. Another layered
p-type oxide material, NaCo2O4, also shows outstanding high TE
performance, which is attributed to its high carrier concentration
and low thermal conductivity [20]. An improvement of
zT¼ 0.7e0.8 could be achieved for polycrystalline NaCo2O4 [21].
Although the TE properties have been markedly improved, the
mechanical reliability of these promising oxides remains as a
serious consideration for their practical applications. Unfortunately,
the intrinsic mechanical properties, such as ideal strength, defor-
mation mechanism, and fracture toughness of these oxide com-
pounds remain unknown so far.

To predict the ideal strength, deformation and failure mecha-
nism, and fracture toughness of n-type 3D (ZnO, SrTiO3) and p-type
2D (BiCuSeO, and NaCo2O4) TE oxides, we used density functional
theory (DFT) at the Perdew-Burke-Ernzerhof (PBE) functional level
to examine their response under pure shear deformation.

� We find that n-type ZnO has the lowest ideal shear strength of
7.80 GPa along the (001)/<110> slip system, which leads to an
estimated fracture toughness of KIIc¼ 0.42MPam1/2 and
KIIIc¼ 0.34MPam1/2 based on its ideal stress-strain relation.

� The other n-type SrTiO3 has its lowest ideal strength of 3.11 GPa
along the (111)/<1e10> slip systemwith a fracture toughness of
KIIc¼ 0.58MPam1/2 and KIIIc¼ 0.50MPam1/2.

� On the other hand, p-type BiCuSeO and NaCo2O4 have much
lower ideal strengths of 2.0 GPa along the (001)/<100> and
0.69 GPa along the (001)/<110>, respectively, as well as much
lower fracture toughness values of KIIc of 0.26 and 0.13MPam1/2.

We find that the ideal shear strength of n-type ZrO and SrTiO3
are much higher than those of p-type BiCuSeO and NaCo2O4. We
attribute this behavior to the more rigid ZneO and TieO bonds
based on higher calculated stretching force constants (SFC) of
5.63 eV/Å2 for ZneO and 5.43 eV/Å2 for TieO, compared with the
BieSe (SFC¼ 0.22 eV/Å2) and NaeO bonds (SFC¼ 0.37 eV/Å2). This
work provides fundamental insights for understanding the defor-
mation mechanism of TE oxides towards developing reliable and
high-efficiency TE oxide devices.

2. Methodology

All DFT simulations were performed using the Vienna ab initio

Simulation Package (VASP) plane wave periodic code [22e24]. The
projector augmented wave (PAW) method and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional were applied to
account for the core-valence interactions [25]. The plane-wave
cutoff energy was set to 500 eV in all the calculations, which gave
excellent convergence on energy, force, stress, and geometries. The
energy error for terminating electronic self-consistent field (SCF)
and the force criterion for the geometry optimization were set
equal to 1� 10�6 eV and 1� 10�2 eV/Å, respectively. Brillouin-zone
integration was performed on G-centered symmetry reduced
Monkhorst-Pack meshes with a fine resolution of 2p� 1/40 Å�1 for
all calculations. The spin polarization was not considered here. The
Electron localization function (ELF) value, which ranges from 0 to 1,
was calculated to enable a reliable analysis of the bonding character
and lone pair formation [26]. The elastic property is calculated
using Voigt-Reuss-Hill method [27], and the shear deformation
simulation is similar with our previous study [28]. They are
explained in the supporting information (SI).

3. Results and discussion

3.1. Crystal structure and chemical bonding

ZnO crystallizes in hexagonal wurtzite structure (space group
P63mc) which is the thermodynamically stable phase at ambient
conditions. The unit cell contains 2� Zn and 2�O atoms where
each Zn atom is tetrahedrally coordinated with O, as shown in
Fig.1(a). The structure consists of a 3D framework of ZneOwith the
bond length of 2.0 Å. The large Pauling electronegativity (EN) dif-
ference between Zn (cZn¼ 1.65) and O (cO¼ 3.44) atoms indicates
significant ionic bonding character, which is in agreement with the
ELF isosurfaces localized around the oxygen atoms (Fig. 1(a)). We
calculate optimized lattice parameters of a¼ 3.29 Å and c¼ 5.31 Å,
which are only 1.2% and 1.9% larger than the experimental values of
a¼ 3.25 Å and c¼ 5.21 Å at 298K [29], and are in good agreement
with the theoretical values of a¼ 3.28 Å and c¼ 5.30 Å from pre-
vious DFT calculations based on the PBE functional [30].

SrTiO3 crystallizes in the cubic Pm3m perovskite structure with
the Ti atoms located at the cube centers, the Sr atom at the corners
and the O atom at the face centers (Fig.1(b)). Thus, Ti is octahedrally
coordinated, while Sr is 12-fold coordinated with O atoms. The 3D
framework has linear TieOeTi connections with a TieO bond
length of 1.98 Å. The EN difference of 1.90 between Ti (cTi¼ 1.54)
and O (cO¼ 3.44) is even slightly higher than the value (1.79) of
ZneO suggesting an ionic TieO interaction. Similarly to ZnO, ELF
isosurfaces localized around the O atoms suggest that the interac-
tion between Ti and O atoms is primarily ionic. Our optimized
lattice parameter is a¼ 3.95 Å. This value is only 1.0% larger than
the experimental value of 3.90 Å at 298 K [31].

Layered BiCuSeO crystallizes in a ZrCuSiAs structure type with
the space group P4=nmm. The structure consists of BieO layers
alternately stacked with the isostructural CueSe layer along the c-
axis (Fig. 1(c)). The van der Waals-like BieSe interaction
(dBi�Se¼ 3.27 Å) couples the BieO and the CueSe layers. The ELF
maxima between cationic Bi2þ and anionic O2� imply shared
electrons between these atoms and a polar covalent bonding
character of BieO bond (dBi�O¼ 2.34 Å) with an electronegativity
difference of 1.42. This is similar to the covalent CueSe bond
(dCu�Se¼ 2.53 Å) with a much lower electronegativity difference of
0.55. PBE gives equilibrium lattice parameters of a¼ 3.95 Å,
c¼ 9.09 Å, which are only 0.5% and 1.8% larger than the experi-
mental lattice parameters of a¼ 3.93 Å, c¼ 8.93 Å [11].

Layered NaCo2O4 has an orthorhombic unit cell with Pmmn
symmetry. The Na content is varied, which changes the crystal
structure somewhat, but good TE properties are observed in
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stoichiometric NaCo2O4 [32]. The structure is schematically, as
shown in Fig. 1(d), with the CoeO layer and the Na layer stacked
alternately along the c-axis. The ELF maxima between Co and O
atoms within the CoeO layer indicate a polar covalent CoeO
bonding character (dCo�O¼ 1.89 Å) with an electronegativity dif-
ference of 1.56, while the ELF local maxima around the O atom
suggest lone pairs. The ionic NaeO interaction (dNaeO¼ 2.34 or
2.46 Å) couples the CoeO and the Na layers, and the polar covalent
CoeO bonding couples the CoeO layers. The unit cell contains
4�Na, 8� Co, and 16�O atoms with the optimized lattice pa-
rameters of a¼ 4.90 Å, b¼ 5.66 Å, c¼ 11.04 Å. These values agree
very well with the experimental lattice parameters of a¼ 4.88 Å,
b¼ 5.63 Å, c¼ 11.13 Å [33].

3.2. Elastic mechanical properties

To provide basic information on the stability and rigidity of
these oxide compounds, we computed the elastic properties
including elastic constants (Cij), bulk modulus (B), shear modulus
(G), and Young's modulus (E). The predicted elastic mechanical

properties are listed in Table 1, which agree reasonably well with
previously reported ab initio and experimental results [30,34].
Since these oxides all contain such transition metals as Zn, Ti, Cu,
and Co, we examined elastic properties of oxides using PBEþU (the
U value is chosen from Refs. [11,35e37]), and found that the U
correction plays a minor role in determining the mechanical
properties. Due to the stronger 3D ZneO and TieO frameworks, the
elastic moduli of SrTiO3 and ZnO are much larger than those of
BiCuSeO and NaCo2O4 which have 2D layered frameworks. While
the stretching force constant of ZneO bonds (5.63 eV/Å2) is slightly
larger than that for TieO bonds (5.43 eV/Å2), the greater number of
bonds in SrTiO3 (TieO octahedron) leads to larger elastic moduli (B,
G, E) compared to ZnO (ZneO tetrahedron). In 2D oxides, BiCuSeO
and NaCo2O4 exhibit similar elastic properties. In all oxides, the
shear modulus (G) is much lower than that of bulk modulus (B) and
Young's modulus E, implying that shearing has a weaker resistance
against external deformation compared to tension or compression.
This suggests that shearing could play an important role in the
deformation and failure mechanism of these oxides.

Fig. 1. Crystal structure and chemical bonding of promising oxide TE materials: (a) ZnO (with calculated isosurfaces at a value of 0.7 of ELF) (b) SrTiO3 (0.65) (c) BiCuSeO (0.9) (d)
NaCo2O4 (0.7).

Table 1
Predicted elastic constants (Cij) and other related elastic properties: bulk modulus (B), shear modulus (G), and Young's modulus (E) of ZnO, SrTiO3, BiCuSeO, and NaCo2O4

compounds. All values given in units of GPa and a comparison with previous ab-initio and experimental results is provided.

Compound Method C11 C12 C13 C22 C23 C33 C44 C66 B G E

ZnO Our PBE 191.5 108.7 95.0 191.4 95.0 206.7 41.4 38.0 131.9 45.5 122.5
PBEþU 221.1 105.9 87.4 221.1 87.4 234.3 57.6 53.4 137.6 63.4 164.9
PBE [30] 188 109 92 188 92 205 37 39 130 41 111.3
Expt [34] 118

SrTiO3 Our PBE 333.3 103.2 103.2 333.3 103.2 333.3 107.3 107.3 179.9 110.3 274.8
PBEþU 321.4 97.3 97.3 321.4 97.3 321.4 104.6 104.6 172.0 107.5 266.9
PBE [30] 319 100 100 319 100 319 110 110 173 110 272.3

BiCuSeO Our PBE 143.0 60.76 56.8 143.0 56.8 96.0 40.2 26.5 79.5 34.6 90.6
PBEþU 146.3 63.2 54.6 146.3 54.6 100.1 41.2 26.1 80.2 35.3 92.3

NaCo2O4 Our PBE 261.5 84.5 10.1 273.8 16.0 96.2 91.4 20.6 81.4 45.9 115.9
PBEþU 265.6 90.0 31.6 251.2 28.6 124.6 83.4 21.7 95.9 45.9 118.7
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3.3. Deformation and failure mechanism

3.3.1. Shear-stress� shear-strain relationship of oxides
The ideal strength of a material is a fundamental mechanical

property closely related to the nature of chemical bonding in a
crystal [38]. The maximum stress at the stress-strain curve repre-
sents the theoretical strength only if any other instability does not
occur prior to reaching the maximum, and the phonon spectra
along the deformation path is sufficient to examine this structural
instability [39e41]. The value of the ideal strength depends on the
type of deformation, such as tension, compression, or shear. The
predicted elastic properties above suggest that shear dominates the
ideal strength and failure mechanisms.

To determine the ideal shear strength of oxides, we applied pure
shear deformation along various slip systems of each compound to
examine the shear response from the elastic region to the limit of
the structural stability, as shown in Figs. S1eS4 in the SI.

� For ZnO, the maximum stress for ideal shear deformation along
the (001)/<110> is 7.80 GPa, which is lower than those shear
along the (001)/<100> (7.82 GPa), (001)/<210> (8.85 GPa), and
(101)/<110> (12.50 GPa) slip systems. This suggests that (001)/
<110> is the least stress shear slip system for ZnO, indicating
that it is the most likely failure slip system.

� In addition, (111)/<1e10>, (001)/<100>, and (001)/<110> slip
systems are found to be themost likely plausible slip systems for
SrTiO3, BiCuSeO, and NaCo2O4, respectively, as shown in
Figs. S2eS4.

We summarize the shear-stress� shear-strain relationships for
oxide compounds along their most plausible slip systems in Fig. 2.
Because the 3D frameworks in ZnO and SrTiO3 are stronger than the
2D frameworks in BiCuSeO and NaCo2O4 (Fig. 1), ZnO and SrTiO3
have a higher ideal shear strength of 7.8 and 3.11 GPa, respectively,
compared with those of BiCuSeO (2.0 GPa) and NaCo2O4 (0.69 GPa).
The ideal shear strength of ZnO is higher than that of SrTiO3, which
is opposite the behavior of the shear modulus (G), as listed in
Table 1. The ideal shear strength is the lowest value obtained for all

possible shear directions, while the isotropic polycrystalline elastic
moduli can be considered as the statistical mean quantity along all
different directions. As shown in Figs. S1 and S2, the lowest shear
strength of SrTiO3 is lower than that of ZnO, but the shear strengths
of other shear systems in SrTiO3 are much higher than those in ZnO.
This leads to amuch higher G in SrTiO3 than ZnO. As shown in Fig. 2,
the structural stiffness starts to soften beyond the ideal strength
point. In SrTiO3, however, the shear stress starts to increase at 0.209
shear strain. This suggests that the structural rearrangement at this
shear strain causes the structure to be further resistant to the shear
deformation, which is similarly found in TiNiSn system [42].

3.3.2. Structure and bonding analysis
To determine the deformation and failure mechanisms of ox-

ides, we extracted the atomic configurations and typical bond
lengths to examine the bond-responding processes. Fig. 3 displays
the structural patterns of ZnO at several critical shear strains
shearing along the least stress slip system of (001)/<110>. Fig. 3(a)
shows the intact structure highlighting the ZneO hexagonal
framework. As the system is sheared to 0.311 shear strain, which
corresponds to the maximum shear stress of 7.80 GPa, the ZneO
hexagonal framework is distorted to resist the deformation
(Fig. 3(b)). The Zn1eO3 bond is stretched from 2.0 to 2.07 Å with a
stretching ratio of 3.5%, and the Zn1eO2 bond is slightly stretched
from 2.01 to 2.03 Å, accommodating the shear deformation. This
different stretching ratio between the Zn1eO3 and Zn1eO2 bonds
leads to the different reduction ratio between the O1eZn1eO2 and
O1eZn1eO3 angles (Fig. 3(d)), resulting in the distortion of the
ZneO hexagonal framework. The Zn1eO1 bond is first shrunk to
suppress the structural stiffness softening, and then it is slightly
stretched, as shown in Fig. 3(d). As the shear strain increases to
fracture strain of 0.434, the Zn1eO1 length is rapidly stretched to
2.16 Å with a stretching ratio of 8%, representing the highly soft-
ening or non-interaction of this bond and leading to the structural
failure. This Zn1eO1 bond softening explains why the shear stress
rapidly decreases from strain 0.311 to 0.434 (Fig. 2). Moreover, the
ZneO framework changes to a pentagon shape with Zn1, O2, and
O3 atoms in a same plane (Fig. 3(c)). Therefore, the high ideal shear
strength of ZnO arises from the compression of the Zn1eO1 bond
which suppresses the softening of the structural rigidity. Beyond
the maximum stress point, the rapid softening of the Zn1eO1 bond
leads to stress relaxation and structural failure.

The structural changes of the other n-type oxide, SrTiO3, at
several critical shear strains along the least stress slip system of
(111)/<1e10> are extracted, as shown in Fig. 4. Fig. 4(a) displays the
intact structure highlighting the TieO cubic framework. When the
shear strain increases to 0.092, corresponding to the ideal shear
strength, the Ti1eO1 bond is stretched while the Ti2eO1 bond is
shrunk uniformly accommodating the external deformation,
because the Ti1, O1, and Ti2 atoms remain on a straight line
(Fig. 4(b)). The Ti2eO1eTi3 bond angle is bent to resist the defor-
mation. At the critical strain of 0.188, the highly softening or the
breakage of the Ti1eO1 bond leads to the shear stress decreasing to
a minimum value of 2.02 GPa (Fig. 4(c)). Fig. 4(d) displays the
typical bond lengths (Ti1eO1 and Ti2eO1) and the bond angle
(Ti2eO1eTi3) against shear strain. The Ti2eO1 bond length de-
creases from 1.97 to 1.84 Å as the shear strain increases to 0.092,
and the Ti2eO1eTi3 angle decreases from 180� to 163�. The shrunk
Ti2eO1 bond and the bent Ti2eO1eTi3 angle suppress the struc-
tural stiffness softening, which is similarly found in ZnO. The
Ti1eO1 bond increases to 2.37 Å with a large stretching ratio of
20.3%. Beyond the maximum stress point, the structural rigidity
depends on the interplay between the Ti1eO1 bond softening and
the Ti2eO1eTi3 bond angle bending, where the Ti2eO1 bond has
no contribution to the structural stiffness since the bond length

Fig. 2. The shear-stress�shear-strain relationships for oxide compounds along their
most plausible slip systems. In these oxides, the most plausible slip system for ZnO,
SrTiO3, BiCuSeO, and NaCo2O4 is (001)/<110>, (111)/<1e10>, (001)/<100>, and (001)/
<110>, respectively.
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remains unchanged. With increasing shear strain to 0.188, the
Ti1eO1 bond is further stretched to 2.83 Å. This Ti1eO1 bond
softening dominates the structural weakening effect, leading to the
decreased shear stress against shear strain (Fig. 2). However, with
further increasing of the shear strain, the Ti2eO1eTi3 angle

bending dominates the structural stiffening effect, leading to the
increased shear stress (Fig. 2). Therefore, at 0.188 shear strain, the
structural rearrangement results in a local minimum stress point in
SrTiO3 (Fig. 2).

Fig. 5 shows the structural changes of p-type layered oxide

Fig. 3. The atomic structures of n-type 3D ZnO shearing along the least stress slip system of (001)/<110>: (a) Intact structure prepared to shear, (b) Atomic structure at 0.311 shear
strain corresponding to the maximum stress point, (c) Atomic structure at failure strain of 0.434, (d) The typical bond lengths (Zn1eO1, Zn1eO2, Zn1eO3) and the bond angles
(O1eZn1eO2 and O1eZn1eO3) with the increasing shear strain along the (001)/<110> slip system.

Fig. 4. The atomic structures of n-type 3D oxide SrTiO3 shearing along the least stress slip system of (111)/<1e10>: (a) Intact structure prepared to shear, (b) Atomic structure at
0.092 shear strain corresponding to the maximum stress point, (c) Atomic structure at 0.188 shear strain corresponding to the structural rearrangement, (d) The typical bond lengths
(Ti1eO1 and Ti1eO2) and the bond angle (Ti3eO2�Τi2) with the increasing shear strain along the (111)/<1e10> slip system.
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BiCuSeO at various shear strains shearing along the least stress slip
system of (001)/<100>. Fig. 5(a) shows the intact structure high-
lighting the alternately stacked BieO and CueSe substructures.
Before the shear strain of 0.134, which corresponds to the
maximum shear strength, the CueSe substructure is distorted to
resist the deformation while the BieO substructure changes mini-
mally. This leads to a relative slip between different BieO sub-
structures as shown in Fig. 5(b). With the shear strain increasing to
0.454, the CueSe substructure is highly distorted, leading to further
slip between BieO layers (Fig. 5(c)). This weakens the structural
rigidity, resulting in the gradually released shear stress, as shown in
Fig. 2. Fig. 5(d) plots the bond lengths of Bi1eSe1, Bi1eSe2 and the
bond angles of Cu2eSe3eCu1, Cu3eSe3eCu1, O3eBi1eO1, and
O2eBi1eO1 at various shear strains. The Bi1eSe1 bond is rapidly
stretched and highly softenedwith increasing shear strain, which is
responsible for the yielding stage beyond the ideal strength point
(Fig. 2). While the Bi1eSe1 bond is shrunk resisting the shear
deformation. These inconsistent bond deformations lead to the
increase of the Cu2eSe3eCu1 angle and the decrease of the
Cu3eSe3eCu1 angle, explaining why the CueSe layer was un-
symmetrically distorted. In addition, the O3eBi1eO1 and
O2eBi1eO1 bond angles are slightly increased from 73� to ~78�

with nearly the same bending ratio during the entire shear process.
This explains why the BieO layers hold together and slip relative to
each other rather than deconstructing between layers.

Fig. 6 shows the structural changes of the other p-type layered
oxide NaCo2O2 at various shear strains shearing along its least
stress slip system of (001)/<110>. As the system is sheared, the Na
layer uniformly accommodates the shear deformation since the Na
atoms are isolated along the Na layer (NaeNa length of 4.13 Å).
Meanwhile, the CoeO layers remain intact due to the strong polar
covalent interactions between Co and O atoms. This leads to a
relative slip observed between the different CoeO substructures as

shown in Fig. 6(b) and (c), which is similarly found in the layered
oxide BiCuSeO above. Fig. 6(d) plots the bond lengths of Na1eO1
and Na1eO2 at various shear strains. These bond deformations are
also similar with the Bi1eSe1 and Bi1eSe2 bonds in the layered
BiCuSeO system as shown in Fig. 5(d). The Na1eO1 bond is stretch
with a much higher stretching ratio while the Na1eO2 bond is
shrunk with a lower shrinking ratio resisting the deformation. At
failure strain of 0.266, the Na1eO1 bond is stretched to 3.20 Å,
indicating a highly softened or a broken bond. This totally releases
the shear stress to zero and leads to the structural failure.

The ideal shear strength, which can be reliably determined by
DFT calculations, has essential implications for the understanding
of the mechanical behavior of a material at the limit of structural
stability [38]. In these potential TE oxides, n-type ZnO and SrTiO3
with the 3D frameworks have much stronger structural stability
compared with p-type BiCuSeO and NaCo2O4 with the 2D frame-
works. This leads to a much higher ideal strength observed in ZnO
(7.80 GPa) and SrTiO3 (3.11 GPa) compared with BiCuSeO (2.0 GPa)
and NaCo2O4 (0.69 GPa). We calculated the bond stiffness in these
oxide compounds to further understand how the structure in-
fluences the ideal shear strength. In n-type ZnO and SrTiO3, the
stretching force constant (SFC), which is calculated by the ATAT
code [43], of ZneO bond (dZn�O¼ 2.0 Å) and TieO bond
(dTi�O¼ 1.97 Å) is 5.63 and 5.43 eV/Å2, respectively. In p-type
BiCuSeO and NaCo2O4, the SFC of the BieSe interaction
(dBi�Se¼ 3.27 Å) and the NaeO interaction (dNa�O¼ 2.46 Å) is only
0.22 and 0.37 eV/Å2, respectively. This quantitatively explains why
n-type 3D ZnO and SrTiO3 are much more robust than p-type 2D
BiCuSeO and NaCo2O4. This trend is similarly observed in our pre-
vious results on other non-oxide high performance TE semi-
conductors such as 3D TiNiSn [42] and CoSb3 [28], and 2D SnSe
[44], Mg3Sb2 [45], and Bi2Te3 [46]. In 3D ZnO and SrTiO3, although
the TieO octahedron in SrTiO3 (6 TieO bonds) contains more bonds

Fig. 5. The atomic structures of p-type layered BiCuSeO shearing along the least stress slip system of (001)/<100>: (a) Intact structure prepared to shear, (b) Atomic structure at
0.134 shear strain corresponding to the maximum stress point, (c) Atomic structure at 0.454 shear strain, (d) The typical bond lengths (Bi1eSe1 and Bi1eSe2) and the bond angles
(Cu2eSe3eCu1, Cu3eSe3eCu1, O3eBi1eO1, and O2eBi1eO1) with the increasing shear strain along the (001)/<100> slip system. The red dashed lines displayed in Fig. 5(a)e(c)
show the slip of layered BieO substructures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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compared with the ZneO tetrahedron in ZnO (4 ZneO bonds), the
directional plane-shearing leads to a much lower ideal shear
strength (3.11 GPa) of SrTiO3 along (111)/<1e10> compared with
that (7.80 GPa) of ZnO along (001)/<110>. In 2D BiCuSeO and
NaCo2O4, although the coupling interaction of NaeO in NaCo2O4
(0.37 eV/Å2) is a little stronger than that of the BieSe (0.22 eV/Å2) in
BiCuSeO, the stiffness of Na layers consisting of isolated Na atoms in
NaCo2O4 is much weaker than that of the BieO or CueSe layer in
BiCuSeO. This leads to a lower ideal shear strength of NaCo2O4

(0.69 GPa) compared with that of BiCuSeO (2.0 GPa).

3.4. Fracture toughness from ideal stress-strain calculations

Fracture toughness (Kc), which describes the ability of a material
containing a crack to resist fracture, is one of the most important
properties of a material for many design applications [47]. The ideal
shear stress-strain relations (Fig. 2) can be utilized to predict the
fracture toughness for mode II (KIIc) and III (KIIIc) loading conditions
(see Fig. 7 (a)-(b)). Fracture toughness KIc (mode I) would be esti-
mated from the tensile-stresse tensile-strain relations, whichwere
not computed in this paper. For mode II in the plane strain condi-
tion, the fracture toughness is derived [48]:

K2
IIc ¼

2SIIcG
1� v

(1)

and from similar arguments, the mode III fracture toughness:

K2
IIIc ¼ 2SIIIcG (2)

Where G is the shear modulus (Table 1) and v is Poisson's ratio

which can be calculated by v ¼ 3B�2G
2ð3BþGÞ [27]. SIIc ¼ SIIIc ¼ gus is called

the unstable stacking energy, which corresponds approximately to
the energy required to nucleate a full dislocation (edge in mode II
and screw in mode III). gus, which is given by the area under the
ideal engineering shear stress-displacement curves, can be calcu-
lated by integrating the ideal engineering shear stress-
displacement curves. The detailed estimation method is illus-
trated in the SI.

Fig. 7(c) plots the predicted fracture toughness of ZnO, SrTiO3,
BiCuSeO, and NaCo2O4. Since flawless crystals are used for the cal-
culations, the predicted fracture toughness is the possible upper limit
of experiments. The n-type ZnO and SrTiO3 with the 3D frameworks
have a higher fracture toughness compared with the p-type BiCuSeO
andNaCo2O4with the2Dframeworks,which is inagreementwith the
structural stiffness discussion in the previous section. In 3D oxides,
due to the high stiffness of TieO octahedron and large elastic prop-
erties in SrTiO3, SrTiO3 exhibits a higher fracture toughness
(KIIc¼ 0.58MPam1/2 and KIIIc¼ 0.50MPam1/2) compared with ZnO
(KIIc¼ 0.42MPam1/2 and KIIIc¼ 0.34MPam1/2). In 2D oxides, due to
the weak stiffness of the Na layer and low ideal strength in NaCo2O4,
NaCo2O4 shows amuch lower fracture toughness (KIIc¼ 0.13MPam1/

2 and KIIIc¼ 0.11MPam1/2) compared with BiCuSeO
(KIIc¼ 0.26MPam1/2 and KIIIc¼ 0.21MPam1/2). As shown in Fig. 7(c),
for commercial realization of TE oxides, the fracture toughness of p-
type 2D oxide BiCuSeO and NaCo2O4 should be enhanced.

The fracture toughness estimation verifies that the investigation
of the ideal stress-strain relations at the atomic scale can be used to
rationally design the macroscopic mechanical properties, which is
beneficial for the development of robust oxide TE materials for the
engineering application of oxide TE devices.

Fig. 6. The atomic structures of n-type layered oxide NaCo2O4 shearing along the least stress slip system of (001)/<110>: (a) Intact structure prepared to shear, (b) Atomic structure
at 0.102 shear strain corresponding to the maximum stress point, (c) Atomic structure at 0.266 shear strain, (d) The typical bond lengths (Na1eO1 and Na1eO2) with the increasing
shear strain along the (001)/<110> slip system. The blacklines disp dashed layed in Fig. 6(a)e(c) show the slip of layered CoeO substructures.
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4. Conclusions

We applied DFT to determine the ideal shear strength, defor-
mation mechanism, and fracture toughness of oxide compounds
under pure shear deformation. For n-type high-performance oxides
ZnO and SrTiO3, the softening of the ZneO and TieO bonds leads to
a decreased structural stiffness of 3D ZneO and TieO frameworks,
respectively, as well as the stress relaxation. SrTiO3 exhibits more
robust macro-mechanical properties such as elastic modulus and
fracture toughness than ZnO, because the stiffness of TieO octa-
hedra in SrTiO3 is much stronger than that of ZneO tetrahedra in
ZnO. For p-type BiCuSeO and NaCo2O4, the softening of the CueSe
and NaeO bonds creates pathways to slip between different sub-
structures, which releases the stress and results in the structural
failure. Due to a much higher SFC of the ZneO and TieO bonds
compared with the CueSe and NaeO bonds, n-type ZnO and SrTiO3
are found to have much higher ideal strength and fracture tough-
ness than p-type BiCuSeO and NaCo2O4. For commercial applica-
tions of oxide thermoelectrics, the weak structural stiffness of p-
type 2D oxide BiCuSeO and NaCo2O4 should be improved to
improve their mechanical strength.
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