Feop

Frontiers of Physics
https://doi.org/10.1007 /s11467-021-1086-5

Front. Phys.
17(1), 13503 (2022)

RESEARCH ARTICLE

Strain engineering of ion migration in LiCoO-

Jia-Jing Li!, Yang Dai?>!, Jin-Cheng Zheng!3**

! Department of Physics, and Collaborative Innovation Center for Optoelectronic Semiconductors and Efficient Devices,
Xiamen University, Xiamen 361005, China

2 Department of Chemical Engineering, School of Environmental and Chemical Engineering, and Institute for Sustainable

Energy, Shanghai University, Shangda Road 99, Shanghai 200444, China
3 Department of Physics, Xiamen University Malaysia, 439000 Sepang, Selangor, Malaysia
4 Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry, Xiamen University, Xiamen 361005, China
Corresponding authors. E-mail: 1 dy1982@shu.edu.cn, *jezheng@rmu. edu.cn
Received February 25, 2021; accepted May 19, 2021

Strain engineering is a powerful approach for tuning various properties of functional materials. The
influences of lattice strain on the Li-ion migration energy barrier of lithium-ions in layered LiCoOq have
been systemically studied using lattice dynamics simulations, analytical function and neural network
method. We have identified two Li-ion migration paths, oxygen dumbbell hop (ODH), and tetrahedral
site hop (TSH) with different concentrations of local defects. We found that Li-ion migration energy
barriers increased with the increase of pressure for both ODH and TSH cases, while decreased sig-
nificantly with applied tensile uniaxial c-axis strain for ODH and TSH cases or compressive in-plane
strain for TSH case. Our work provides the complete strain-map for enhancing the diffusivity of Li-
ion in LiCoOs, and therefore, indicates a new way to achieve better rate performance through strain

engineering.
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1 Introduction

Lithium-ion batteries have been playing a paramount role
in energy storage fields for more than three decades [1—
10]. Challenges for rechargeable lithium batteries have
been discussed [2, 3], and progresses such as investigation
of thermal instability [4], and utilization of nanomateri-
als [8] including carbon nanotubes [9], nanowires [11], and
borophene [12] have been reported. The application of
rechargeable batteries in portable electronic devices has
been reviewed recently [13]. LiCoOs, the early devel-
oped cathode material, is in possession of excellent struc-
ture stability, charge/discharge reversibility, outstanding
electrical and ionic conductivities [1, 6]. Furthermore,
since LiCoO4 has a perfect layered crystal structure with
a close-packed oxygen-anion framework, the battery em-
ploying the LiCoO4 cathode material has the highest vol-
umetric energy density, finding the dominant application
in electronic terminal devices [1, 6, 14]. Although the Li-
Co0Oy cathode material is already well developed, there
still has rooms to improve the rate capability, safety and
longevity.

* arXiv: 2105.10659. This article can also be found at
http://journal.hep.com.cn/fop/EN/10.1007/s11467-021-
1086-5.

Several material treatments such as doping [15-18], or
surface coating [14] have been used to modify electronic
properties or to improve stability. Applying strain is an-
other effective way to tune the ionic conductivity of elec-
trode materials. The diffusion path and energy barrier of
Li ion in the solid materials are determined by the po-
tential energy surface [7]. The Li ion migration potential
energy surface can be tuned by the applied strain on the
materials. In LiCoOs, the diffusion and the intercala-
tion/extraction of Li are mediated by a vacancy mecha-
nism. The defect thermodynamics, mechanical properties
and migration barriers for Li ions in LiCoOq are highly
sensitive to mechanical strains [19-21].

Furthermore, the batteries always apply micrometer-
sized single crystal LiCoOs to improve the volumetric en-
ergy density. The non-uniformity of the large particle dur-
ing Li ion migration may induce considerable strain gra-
dient. In addition, the aforementioned strategy of doping
elements [15, 18] in LiCoOg may also induce local lattice
strain, due to the different ionic size of dopants. Espe-
cially, for the application of solid-state or thin film bat-
tery, the affections of strain will further amplify. There-
fore, the strain has great effects on the migration of Li ions
in LiCoOs. Unfortunately, the coupling of strain field to
the Li ion migration is less studied.

In our previous work, we have demonstrated that
strain engineering is a powerful approach for tuning var-
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ious properties of functional materials, such as ferromag-
netism [22], superconductivity [23], thermal conductiv-
ity [24], and electron structure of 2D materials [25, 26].
Therefore, we expect that the strain engineering method
may be an important approach for tuning ion migration
of LiCoOs. In this work, we systematically studied the ef-
fects of lattice strain on the Li-ion migration energy bar-
rier of LiCoOsy. Two possible Li ion migration mecha-
nisms are explored. The strategy of strain engineering for
reducing Li ion migration energy barrier has been given.
Finally, additional data analysis such as empirical formula
fitting and neutral network model has been proposed to
predict the Li ion migration energy barrier under strain.

2 Methods

The lattice dynamics (LD) calculations have been
performed using General Utility Lattice Program
(GULP) [27]. The potential energies between ions were
calculated using Born-Mayer-Huggins (BMH) potential,
combining the long-range Coulombic component and
short-range pair-wise interactions. The short-range inter-

actions, ®;;, were modeled using Buckingham potential:
T4 Cij
®ij (rij) = Aij exp (—”) - = (1)
Pij T35

where r;; is the distance between ions ¢ and j; A, p
and C are empirical parameters. The so-called shell
model [28, 29] is also used to take account the effects of
electronic polarization of transition metal and oxide ions.
The parameters of Buckingham potential and core-shell
interaction for LiCoOg were taken from Fisher et al. [30],
which have been shown to be able to reproduce experimen-
tal structural parameters accurately. Those Born-Mayer—
Huggins (BMH) potentials have been used for computa-
tion of defect energies, surface energies, and Li-ion diffu-
sion of LiCoOy cathode materials [30].

A 2 x 2 x 1 supercell has been used to create the initial
position of defects, then the defect energy and ion migra-
tion were calculated by the Mott—Littleton method [31]
as implemented in the GULP code. In this method, two
spherical regions (region 1 and region 2a) were defined
around the defect center, for inner and outer spherical
shell of ions, respectively. Atoms outside of these spheres
(region 2b) extend to infinity. The ions in regions 1 and
2 are assumed to be strongly and weakly perturbed by
the defect, respectively. The ions in the inner spherical
region are therefore relaxed explicitly. We found that the
radii of 12 A for region 1 (>880 ions) and 15 A for region
2 were large enough to achieve the good convergence of
the defect energy for LiCoOs.

Machine learning methods [32-37] have been developed
with long history, and are often used to discover hid-
den, attractive, and potentially useful patterns and rela-
tionships from massive data [36]. For instance, machine-
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learning-driven atomistic simulations [38] or big data anal-
ysis [39] have been applied to model battery materials.
Herein, the advantage of machine learning in processing
and analyzing large data sets or complex problems with
nonlinear relationships can be exploited to assist with our
data analysis in LiCoOs, We therefore, utilize a typical
machine learning method, namely, back propagation neu-
ral network (BPNN) to analyze the lithium-ion migration
energy barriers in strained LiCoOs,

3 Results and discussion

LiCoOs belongs to the a-NaFeOs type layered structure
with the space group of R3m [40-45]. In the unit cell
of crystal structure, Li, Co and O atoms occupy the 3a,
3b and, 6c¢ sites, respectively. Therefore, the Li layer
and CoO, layer are alternately arranged along the c-axis
direction, forming an ordered layered structure. Using
aforementioned BMH potential, the optimized lattice con-
stants of LiCoO5 are found to be a = b= 2.84 A and ¢ =
13.92 A, which are consistent with experimental observa-
tions [43, 46].

Lithium ions migrates to adjacent octahedral vacancies
through one of two mechanisms, namely, oxygen dumb-
bell hop (ODH), and tetrahedral site hop (TSH), depend-
ing on lithium vacancy arrangement around the jumping
ions [47, 48]. The migration paths of these two mecha-
nisms are shown in Fig. 1. The first transition mechanism
occurs when lithium ions move along the linear (shortest)
path connecting the jumping start point and the adja-
cent vacancy. The trail shown by the arrow in Figs. 1(a)
and (b) passes through an oxygen ion dumbbell. This mi-

Oxygendumbbell hop (ODH)
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" Tetrahedral site hop (TSH)

Fig. 1 Side and top views of the atomic strucutres of the two
Li ion migration paths in LiCoO2. (a, b) Oxygen dumbbell
hop (ODH), (c, d) Tetrahedral Site Hop (TSH). The large
(green), medium (blue), and small (red) spheres are Li, Co,
and O atoms, respectively. The empty squares are lithium
vacancies.
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gration process is so-called oxygen dumbbell hop (ODH).
When the local density of Li ion vacancy is low, Li ion mi-
gration by the ODH mechanism is dominated. However,
with local density of Li ion vacancy increases, for example,
as shown in Figs. 1(c) and (d), two adjacent vacancies of
Li ion are created, then the lithium moves along a curved
path, which passes through the tetrahedral position. Such
migration path is referred as tetrahedral site hop (TSH).
Similar to ODH and TSH, one can also model more possi-
ble migration paths by considering the cases with denser
Li ion vacancies locally. It is worth pointing out that, here
we emphasize on local vacancy density, to distinguish from
the overall composition or overall vacancy. For example,
for Li,CoO,, the overall composition of Li ions (z) can
be very close to 1, however it is possible to have one or
two vacancies locally in the region 1 of inner sphere in
our defect calculations (as aforementioned in the method
session). The ODH mechanism has been investigated by
lattice dynamics simulation [30], first principles calcula-
tion [19, 47, 48] and Monte-Carlo simulations [47]. Nev-
ertheless, the strain-dependent ion migration is much less
studied. Although the Li ion migrations with in-plane and
caxis strains have been reported recently [19], more strain
conditions such as pressure or combination of in-plane and
caxis strains are still lack of study. The TSH mechanism
has been simulated by Monte-Carlo method [47]. How-
ever, there is still no yet report on TSH migration as a
function of strains.

Firstly, we studied the migration energy barrier of three
ions in LiCoOy without external strain. The migration
energy barrier of Co is 2.89 eV, and that of O is 1.66 eV,
respectively. The Li-ion migration energy barrier for the
ODH mechanism is 0.49 eV, well reproducing the reported
value of 0.48 eV by lattice dynamics simulation using the
same BMH potential model [30], and it is also within the
value of range (0.39 eV [19], 0.80 ¢V [47]) predicted by
first principles calculations. The Li-ion migration energy
barrier for the TSH mechanism is about 0.19 €V in our
work, which is in good agreement with value of 0.23 eV (for
Li, CoOs with composition close to 1) predicted by first
principles calculation [47]. It is interesting to find that the
migration energy barrier for the TSH mechanism is much
lower than that for the ODH mechanism. This finding has
also been verified by Monte Carlo simulations [47].

Then we can use the calculated Li-ion migration energy
barrier to estimate the diffusion coefficient. In the tran-
sition mechanism, the rate transition can be calculated
based on the transition state theory [49]. According to
the lattice gas model [50], the diffusion coefficient can be
calculated by

E
D =vyexp (_k];T> x 12, (2)

where 1y is the vibration frequency of the migrating Li
ions in the lattice, E} is the migration energy barrier, kg
and T are Boltzmann’s constant and absolute tempera-
ture, respectively. The last quantity [ is the jumping dis-
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tance, which is approximately equal to the lattice constant
(in this study, we choose [ = 2.84 A, the lattice constant
of LiCoOs2). The value of about 10 THz, as estimated
from phonon frequency [19, 51], is used for approximating
vibration frequency vy. With these parameters, the diffu-
sion coefficient under zero strain at 300 K is estimated to
be 4.7x10~ " cm?-s~! for the ODH mechanism, which is in
good agreement with the experimental observations [52].
The diffusion coeflicient under zero strain at 300 K is esti-
mated to be 5.19x107%cm?-s7! for the TSH mechanism.
The diffusion coefficient of TSH is much larger than that
of ODH.

It can be seen that the lowering of migration energy
increases diffusion coefficient significantly. Therefore, we
then focus on how to lower the Li-ion migration energy
barrier by considering the influence of strain on LiCoOq
lattice. In order to investigate the effects of strain on
ion transport, we systemically study the migration en-
ergy for any combination of strains Aa/a (Ab/b = Aa/a)
and Ac/c in the range of (—3%—3%), as shown in Fig. 2.
Such a map covers several typical strain conditions such
as ideal cases of constant c¢/a ratio (¢/a = cp/ag), con-
stant a (@ = ag), constant ¢ (¢ = ¢p), and constant vol-
ume V(V = V), as well as three typical realizable strain
conditions, including c-axis uniaxial strain (1D strain), in-
plane biaxial strain (2D strain), and hydrostatic pressure
(3D strain).

We found that by increasing Aa/a and Ac/c, the en-
ergy barrier of lithium-ion migration for the ODH mech-
anism can be reduced. However, for TSH, the migration
energy barrier can be lowered by decreasing Aa/a and
increasing Ac/c. It is interesting to find that the bet-
ter location in the strain map with lower migration en-
ergy barrier is in the region of positive Aa/a and positive
Ac/c for ODH [up-right corner in Fig. 2(a)], but in the re-
gion of negative Aa/a and positive Ac/c for TSH [up-left
corner in Fig. 2(d)]. The common feature for the reduc-
tion of migration energy for both ODH and TSH cases
is the increase of Ac/c, namely, enlargement of ¢ lattice.
The reason for the significant decrease of migration en-
ergy barrier is that a larger interlayer spacing is favorable
for Li migration, considering the 2D transport nature of
Li ions in layer-structure LiCoOs. However, the Ej re-
sponses to Aa/a are rather different between ODH and
TSH. Since the main difference in the structural feature
between ODH and TSH is the density of local vacancies
of Li ion, our results suggest that the migration energy
barrier of Li ions is very sensitive to local vacancy den-
sity. During charging process, more and more Li ions
are removed from LiCoOq, thus the local vacancy density
is likely to increase. The switching from ODH to TSH
with increasing local Li vacancy density is then expected.
Moreover, from realistic point of view, the strain condi-
tion with negative Aa/a and positive Ac/c [up-left corner
in Fig. 2(d)] should be easier to be achieved comparing to
the case with both positive Aa/a and Ac/c [up-right cor-
ner in Fig. 4(a)], considering the positive Poisson ratio of
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Fig. 2 2D contour plot of the Li-ion migration energy barrier of LiCoO2 under external strain. The Li-ion migration energy
barriers Ey obtained from (a) lattice dynamics calculation (labeled as LD), (b) by fitting data using empirical formula, Eq. (3)
(labeled as Formula), and (c) by fitting data using machine learning method, namely, BP neural network (labeled as BPNN)
for the ODH mechanism. (d), (e) and (f) are for TSH case and the corresponding labels are similar to (a), (b) and (c),
respectively. (g) Indication of directions of strain axis in LiCoOs. The colored bold lines indicate different strain conditions in
LiCoOs. (From top to bottom, blue: volume variation V with fixed ¢/a; red: variation of lattice constant a with fixed ¢; green:
variation of constant lattice ¢ with fixed a and b; yellow: variation of ¢/a with fixed volume; gray: lattice variation for c-axis
strain; dark blue: lattice variation for in-plane strain; purple: lattice variation for pressure up to 10 GPa).

LiCoO3. Therefore, from the screening of Ej, strain map,
the possible to-be-achieved location of low migration en-
ergy barrier of strained LiCoOs seems very promising. Of
course, there will be also some possible extreme cases such
as volume expansion during charging—discharging process,
which might be likely to have the strain condition with
both positive Aa/a and Ac/ec.

To explore as many strain conditions as possible, and
also to make the results of migration energy barrier more
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useful, we adopt an empirical formula to fit the Ej strain
data. The obtained empirical formula is expected to be
conveniently applied in experimental cases with available
measured strain conditions or strain fields. Based on the
observation of the trend of Ej strain relationship, as pre-
sented in Fig. 2(a), and for keeping simplification, we used
a 2D coupled quadratic function to fit the data, that is,

Ey(x,y) = By + anx + aox® + By + Boy® + Aay,  (3)

Yang Dai, and Jin-Cheng Zheng, Front. Phys. 17(1), 13503 (2022)
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where Epg is the migration energy barrier without strain,
z = Aa/a, y = Ac/c, oy, B;, and X are fitting parame-
ters. For the ODH mechanism, we obtained the follow-
ing fitting parameters: FEyg = 0.49 eV, oy = —3.99223,
ag = —11.61337, 1 = —6.05768, By = 17.42128, and
A = 12.16358. The fitting results are presented in
Fig. 2(b). For TSH, the fitting parameters are given as
follows: Epg = 0.19eV, a1 = 0.42798, as = 3.22017,
B = —6.60335, B2 = 74.98096, and A = 39.16995, which
lead to a good fitting as shown in Fig. 2(e).

To further analyze the data, we utilize BPNN, one of
the machine learning methods on data fitting of migration
energy barrier. The fitting results are shown in Fig. 2(c)
for ODH and Fig. 2(f) for TSH, respectively, which exhibit
excellent fitting to LD simulations. We expect the usage of
machine learning method may be even more useful for op-
timization with more variances, or more complex cathode
materials such as LiCo,Mny,Ni, Oy with a huge number of
local structural configurations.

The useful feature of the analytic formula or machine
learning model is that once the strain conditions (Aa/a
and Ac/c) of LiCoOy are known (either from theoretical
calculations such as first principles calculations, or from
experimental measurement such as X-ray diffraction or
electron diffraction), the migration energy barrier E,(x,y)
can be directly and quickly estimated, with no need of
further expensive LD simulation or first principles calcu-
lations.

The foregoing results and discussions are for gen-
eral strain conditions with any arbitrary combination of
strains Aa/a (Ab/b = Aa/a) and Ac/c. It forms the ba-
sic and complete database for further detailed data analy-
sis. We then focus on three typical strain conditions that
are often applied in materials science, i.e., c-axis uniaxial
strain (1D strain), in-plane biaxial strain (2D strain), and
hydrostatic pressure (3D strain). We start from the hy-
drostatic pressure case, which contain only one variance,
namely, the volume of LiCoOy. The migration energy bar-
riers of ODH and TSH of Li ions in LiCoQOs as a function
of pressure are presented in Fig. 3. Similar results are ob-
served for LD simulation, analytic formula, and BPNN,
indicating the good fitting of analytic formula [Eq. (3)]
and machine learning model.

When pressure (P) is applied, both the lattice constants
a (b) and ¢ are compressed (red line in Fig. 2), and E,
increases with the increase of the pressure (decrease of
volume), as shown in Fig. 3. It is interesting to see that
the E, P relationship is almost linear, with evidence from
good fit of E} as a function of P,

Ey(P) = Ey +~P (4)

with linear coefficient v = 0.02412 for ODH and v =
0.02653 for TSH, respectively. Omne can also fit the
curve with a 24 order polynomial function, namely,
Eb(P) = Fy +")/1P+ 'VQPQ, with Y1 = 002321, and
v9 = 1.15895 x 10~ for ODH and ; = 0.02196, and
o = 5.81617 x 10~* for TSH, respectively. Again, the

0.9
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Fig. 3 Li-ion migration energy barrier of ODH and TSH
in LiCoO2 as a function of pressure. Results obtained from
LD simulation, analytic formula, and BPNN are also listed for
comparison.

small values of 72 confirm the linearity of F,—P relation-
ship. The other interesting feature can be observed from
Fig. 3 is that the slopes of F} as a function of P are very
close to each other for ODH and TSH. The overall con-
tour features of E, vs. Aa/a and Ac/c, as shown in Fig. 2,
are quite different between ODH and TSH, especially, the
top panel. However, the bottom-left section (regions with
both negative Aa/a and Ac/c) of Figs. 2(a) and (d) are
sharing very similar tomographic feature, resulting in the
similar Ep—P trend.

From curves in Fig. 3 and above fitting results, we con-
cluded that applying pressure always give rise to Ej,. This
is because the lattice shrinks in three dimensions under
pressure, which results in smaller spaces for Li ion to move,
and shorter interatomic spacing will enhance the repulsive
interaction between Li ions with CoOs planes and adja-
cent Li ions, thus leads to higher migration energy barrier.

Finally, we examined two typical strain conditions,
namely, c-axis strain and in-plane strain, which can be
realized in the thin film of LiCoO4 battery. The uniaxial
c-axis strain is to compress or stretch lattice ¢ at certain
values and other lattice parameters a and b are allowed to
relax. While for in-plane strain, the lattice parameters a
and b are changed at the same time, and lattice parameter
c is relaxed accordingly. In this way, the uniaxial c-axis
strain is nearly 1D strain, and in-plane strain can be re-
garded as 2D strain, compared with pressure (3D strain).
As shown in Fig. 2 (gray line) and Fig. 4(a), whether it
is for the ODH or TSH mechanism, under strain along
the c-axis direction, the Li-ion migration energy barrier
increases with compressive strain and decreases with ten-
sile strain. That is, when the c-axis strain increases from
—3% to 3%, the Li-ion migration energy barrier continues
decreasing monotonically. Moreover, the Li-ion migra-
tion energy barrier of TSH is much lower and decreases
much faster than that of ODH when the lattice param-

Jia-Jing Li, Yang Dai, and Jin-Cheng Zheng, Front. Phys. 17(1), 13503 (2022)
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Fig. 4 The Li-ion migration energy barrier for ODH and TSH in LiCoO2 as a function of strain. (a) The uniaxial strain

along c-axis; (b) biaxial strain in the a—b basal plane.

eter c¢ is increasing. This makes the tensile c-axis strain
a very promising tunable way to reduce energy barrier.
The trend of variation of Li-ion migration energy bar-
rier as a function of c-axis strain is similar with previous
first principles calculations [19], but the findings of strain-
dependent T'SH are first reported in this work, according
to the best of our knowledge.

Interestingly, the response of energy barrier to in-
plane strain is quite different from c-axis strain, both
for ODH and TSH. As shown in Fig. 2 (dark blue line)
and Fig. 4(b), in the a—b basal plane (in-plane) under bi-
axial strain, the Li ion migration energy barrier for the
ODH increases upon compressive strain while decreases
upon tensile strain conversely, but only have small vari-
ations (<0.04 eV). However, for the TSH, the Li-ion mi-
gration energy barrier increases upon tensile strain while
decreases upon compressive strain conversely. When the
tensile strain is applied in the a—b basal plane, it can be
also observed that the Li-ion migration energy barrier dif-
ference between the ODH and TSH keeps shrinking with
the increases of tensile strain.

Our striking results reveal the possibility of applying
strain to reduce Li-ion migration energy barrier further,
for example, tensile uniaxial c-axis strain for ODH and
TSH cases or compressive in-plane strain for TSH case
(as shown in Fig. 4). Generally speaking, the presence
of nanoparticles may produce a local strain field (see for
example [53]). As long as the local strain field can be de-
termined, the change in lattice constants can be measured
experimentally (e.g., by determination of X-ray scattering
factor using synchrotron X-ray diffraction or electron scat-
tering factor using electron diffraction [54-57]); one can
use the empirical formula or machine learning method, as
presented in this work, to estimate Li-ion migration energy
barrier. On the other hand, to generate desired strain with
lower Li-ion migration energy barrier, one may also con-
sider other tuning ways such as control of grain boundary
or doping.
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4 Conclusion

In summary, we have performed LD simulations, empirical
formula analysis, and machine learning method to study
Li-ion migration energy barriers in LiCoO9 under differ-
ent strain conditions. We have identified two main migra-
tion mechanisms, namely, ODH and TSH in LiCoO; with
different local Li vacancy density. Large database con-
taining Li-ion migration energy barriers for general strain
conditions with any arbitrary combination of strains Aa/a
(Ab/b = Aa/a) and Ac/c are presented and three typi-
cally realizable strain conditions including applying c-axis
uniaxial strain (1D strain), in-plane biaxial strain (2D
strain), and hydrostatic pressure (3D strain) are analyzed
in great details. We deduced the general trend of the
strain-dependent energy barrier of lithiumion migration
in LiCoOs in an analytic empirical form. According to
this formula, one can estimate the Li ion energy barrier
with available lattice parameters or pressure. We found
that it is possible to further reduce Li-ion migration en-
ergy barrier with applied tensile uniaxial c-axis strain for
ODH and TSH cases or compressive in-plane strain for
TSH case. The strain engineering method proposed here
aims to reduce the Li-ion migration energy barrier and
may be applied to various strain engineering aspects of
other functional materials.
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