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ABSTRACT: Cathode degradation of Li-ion batteries (Li")
continues to be a crucial issue for higher energy density. A main
cause of this degradation is strain due to stress induced by
structural changes according to the state-of-charge (SOC).
Moreover, in solid-state batteries, a mismatch between incompat-
ible cathode/electrolyte interfaces also generates a strain effect. In
this respect, understanding the effects of the mechanical/elastic
phenomena associated with SOC on the cathode performance,
such as voltage and Li" diffusion, is essential. In this work, we
focused on LiCoO, (LCO), a representative LIB cathode material,
and investigated the effects of biaxial strain and hydrostatic
pressure on its layered structure and Li* transport properties through first-principles calculations. With the nudged elastic band
technique and molecular dynamics, we demonstrated that in Li-deficient LCO, compressive biaxial strain increases the Li* diffusivity,
whereas tensile biaxial strain and hydrostatic pressure tend to suppress it. Structural parameter analysis revealed the key correlation
of “Co layer distances” with Li" diffusion instead of “Li layer distances”, as ordinarily expected. Structural analysis further revealed
the interplay between the Li—Li Coulomb interaction, SOC, and Li* diffusion in LCO. The activation volume of LCO under
hydrostatic pressure was reported for the first time. Moreover, vacancy formation energy calculations showed that the Li
intercalation potential could be decreased under compressive biaxial strain due to the weakening of the Li—O bond interaction. The
present findings may serve to improve the control of the energy density performance of layered cathode materials.
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1. INTRODUCTION

Rechargeable Li" batteries (LIBs) not only power most of
today’s portable electronic devices but have also led to a
revolution in electric vehicles. Such strong market incentives
demand higher energy storage capabilities and power
characteristics of LIBs. The main focus lies on cathodes,
which have the determining role in defining LIB properties.'
Meanwhile, structural degradation, which results in capacity
and voltage fading, is one of the main problems affecting the
performance of cathodes. Because Li* is rapidly extracted and
inserted in cathodes during the charging and discharging
processes, the lattice parameters of the crystalline structure
rapidly change. This charge/discharge cycle induces stresses
and strains that can potentially cause microcracking.”> For
example, Tan et al.® observed the crystal damage in the
LiNig9Cog0sMngsO, (NCM) cathode during the charging
process. By using in situ XRD characterization, they observed
internal strain and stress accumulation upon Li* extraction.
Apart from stress inside the cathode structures, strain
phenomena also happen at the interface between cathodes and
solid electrolytes due to the interface lattice mismatch.”””
Previous works discussed how such strain could weaken the
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interface interaction and eventually retard the battery perform-
ance.'”"" As the focus shifts toward the development of all-
solid-state LIBs, the application of external pressure becomes
crucial to enhance the contact area between the Li electrode
and solid electrolyte, ensuring smooth battery operations. This
pressure typically ranges from dozens to hundreds of MPa or
even several GPa.'”"”

On the other hand, previous research has demonstrated that
Li* diffusion can be greatly enhanced in solid-electrolyte and
anode materials under external biaxial strain.'*”'® This
manipulation of the lattice via strain effects raises fundamental
scientific questions because it is an effective way of modulating
ionic conductivity in oxide materials. Regarding the effects of
strain on Li* cathode materials, LiFePO, has been studied via
various simulation methods. Lee et al.'® performed density

Received: September 27, 2023
Revised: ~ October 20, 2023
Accepted: October 24, 2023
Published: November 9, 2023
https://doi.org/10.1021/acsami.3c14444
53614 ACS Appl. Mater. Interfaces 2023, 15, 53614—53622


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zizhen+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Cazorla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huu+Duc+Luong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toshiyuki+Momma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshitaka+Tateyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshitaka+Tateyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c14444&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14444?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14444?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14444?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14444?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14444?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/15/46?ref=pdf
https://pubs.acs.org/toc/aamick/15/46?ref=pdf
https://pubs.acs.org/toc/aamick/15/46?ref=pdf
https://pubs.acs.org/toc/aamick/15/46?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c14444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

functional theory (DFT) calculations and predicted that a 4%
biaxial tensile strain would increase the room-temperature
electronic and Li* ion conductivities 15- and 50-fold,
respectively. Similarly, Tealdi et al.'” conducted classical
molecular dynamics (MD) simulations to investigate the strain
effects on the ion conduction and defect formation in olivine
Li*- and Na'-based cathode materials. They predicted a
sudden drop in the activation energy of Li* diffusion at room
temperature for tensile strain applied within a certain plane,
leading to a significant enhancement in the ionic conductivity.
For the investigation of such strain and stress effects,
theoretical simulation has been regarded as an effective tool
that allows us to understand the strain and stress mechanisms
at the atomistic level.'®

LiCoO, (LCO), as a representative cathode material that
has been commercialized for nearly 30 years, still shows great
potential for further enhancement of its energy density.'” Even
though it is one of the most prominent layered intercalated Li*
cathode materials, LCO was reported to display complicated
internal strain and stress 2paltterns generated during charging/
discharging processes.”’”"* Additionally, the effect of hydro-
static pressure—which inevitably arises during the assembly of
battery components—remains poorly understood. As such, an
understanding of the strain and stress effects on Li" diffusion
under different charging states is still lacking.

In this article, we aim to investigate the impact of external
biaxial strain and hydrostatic pressure on the Li* diffusion
behavior of LCO with varying state-of-charge (SOC) by means
of first-principles calculations based on density functional
theory (DFT). We hope that the present work will advance
knowledge of the complex role played by strain and stress
effects in LCO during charge/discharge cycles as well as in
other similar layered materials employed as battery cathodes.

2. COMPUTATIONAL METHODS

First-principles calculations based on DFT were carried out using the
generalized gradient approximation of Perdew—Burke—Ernzerhof
(GGA-PBE) as it is implemented in the Vienna Ab initio Simulation
Package (VASP) software.”> The projector-augmented wave method
(PAW) was employed to represent the ionic cores by considering the
following electronic states as valence: Li 1s, 2s, and 2p; Co 4s and 3p;
and O 2s and 2p.”* A “Hubbard-U” scheme was used to correct the
localized electronic states of Co. In this paper, the U value used for
Co is 4.91 eV.” In terms of bulk structures, the LCO unit cell (R3m
space group) was fully optimized and relaxed until the total energies
were converged to within 1 meV/atom and the forces in the atoms
were all below 0.01 eV/A by using an energy cutoff of 650 eV and a
Monkhorst—Pack k-point grid of 10 X 10 X 2. The relaxed LCO unit
cell lattice had the parameters a = b = 2.83 A and ¢ = 14.15 A, which
are in good agreement with previous theoretical and experimental
studies.”*™2®

Biaxial strain is defined as 7 = (a — a,)/a,, where a, represents the
equilibrium in-plane lattice parameter (shown in Figure 1 ab). A
positive 77 is regarded as tensile biaxial strain, whereas a negative 7 is
regarded as compressive. Energy-minimized structures were subjected
to biaxial strains ranging from —4% (compressive) to +4% (tensile) in
the a, b plane while the out-of-plane lattice parameter ¢ was fully
relaxed. The range of biaxial strains applied in our study was
determined based on the findings of a recent experimental
investigation by Zhu et al., where they observed ~4% residual strain
aligned parallel to the LCO < 003> plane.”” The same strain range
was also observed and discussed in a recent study by Wang et al.”
These strained energy-minimized structures were used as the initial
configurations in subsequent electronic structure and ion migration
calculations. Similar methodologies were reported in iprevious studies
of Li* cathode and solid oxide fuel cell materials.'”

== biaxial strain
hydrostatic pressure (HP)

Figure 1. Schematic view of external (a) biaxial tensile strain, (b)
biaxial compressive strain, and (c) hydrostatic pressure (HP) applied
to LiCoO,.

In terms of the hydrostatic pressure (HP), shown in Figure Ic,
around 1 GPa was exerted on the energy-minimized structures, which
were subsequently reoptimized and employed in further calculations.
We simulated biaxial stress on the 4, b plane by simultaneously
applying strain in both lattice vectors and HP by applying a pressure
of ~1 GPa along the three axes. The stress induced is shown in Figure
S1. The strain along the a and ¢ axes as a function of biaxial strain can
be found in Figure S2.

Nudged-elastic band (NEB) calculations were conducted to
estimate the Li" migration pathway and activation energy barrier
(E,) within the vacancy-mediation regime.32 An energy cutoff of 520
eV and a simulation cell containing 192 atoms (Li,;gCo4304s) before
vacancy creation were used. Two pathways, with one and two Li
vacancies (where Li vacancy concentrations are 0.98 and 0.96),
respectively, were examined.

First-principles molecular dynamics (FPMD) simulations based on
DFT were performed in the canonical (N, V, T) ensemble with a time
step of 1 fs. In a trade-off between the computational cost and
accuracy, only the I'-point grid for Brillouin zone sampling and an
energy cutoff of 400 eV were set for all FPMD calculations. The
selected volumes and geometries were those determined at zero-
temperature conditions; hence, we neglected thermal expansion
effects. The temperature in the FPMD simulations kept fluctuating
around a preset value by employing the Nosé—Hoover thermostat.
The calculations comprised a total simulation time of ~100 ps. We
performed three FPMD simulations for each of T = 800, 1000, 1200,
and 1400 K, considering an # of —4, 0, and +4%. All configurations
were visualized using the VESTA software.”> Additional FPMD
calculations for energy cutoffs of 600 and 800 eV were performed for
20 ps at 1200 K to obtain the average stress tensors. We compared the
results to those obtained with an energy cutoff of 400 eV and found
that the average stress tensors (xx, yy, and zz) calculated with the
lower cutoff vary within +29%, indicating the plausibility of using 400
eV as the cutoff energy for the following FPMD calculation. The Li*
ionic diffusion coefficient (D*) is estimated based on the mean
squared displacement (MSD) using the following formula:

1

Df = —
2Ndt

N

Z ([ri(t + to) - ”i(to)]2>

i=1 (1
where N and d indicate the number of Li* included and the
dimensionality in the system, respectively. f, and r,(t) refer to the
initial time and the displacement of the ith Li" at time t. The
activation energy (E,) was assumed to follow the Arrhenius equation:

& _ _ E,
DH(T) = Do X exp( = 1) .

where D, is the pre-exponential factor and kg is the Boltzmann
constant. E, and D, are adopted by the extrapolation from the
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temperatures FPMD was performed at to room temperature (300 K)
because of the poor Li" diffusion of LCO at lower temperatures. Such
a strategy has been employed in previous simulation works for solid
electrolytes.’**
Ionic conductivities were obtained with the Nernst—Einstein
relationship:
2
o(T) = £ D'(T)
kT (3)
where C and e are the concentration and charge of Li" ions. For the
calculation of vacancy formation energies, Ey, we removed one Li
from the simulation supercell.
All point defects were assumed to be neutrally charged, and Ey was
computed using the following formula:

EV = Edefect - Eperfect + p’i (4)

where Eg.. is the total energy of the system containing the Li
vacancy, E . is the total energy of the system without any defect,
and y; is the chemical potential of Li metal, which was estimated from
the formation energy of bulk bcc Li metal as equal to —1.904 eV.

3. RESULTS AND DISCUSSION

3.1. Zero-Temperature Activation Energy for Li*
Diffusion under Biaxial Strain. The NEB method was
used to calculate the migration energy barrier (E,) as a
function of the biaxial strain. Two possible diffusion pathways
were considered based on the structural similarity of LCO with
the layered material @-NaFeO,, namely, the oxygen dumbbell
hop (ODH) and the tetrahedral site hop (TSH),**™*% as
shown in Figure 2a—d. In the case of the ODH, Li" hops via a

o (e)O.B
06 Co——C—0——o0—o

~@- ODH
TSH

2 o0 0° Zos

. Qogio© Qogsp O 02

bt 00P0cP0 0gP0P0 0% 2% 0% +2% +4%
a n(%)

Figure 2. Left panel: (a) top view and (c) front view of the ODH
diffusion path; (b) top view and (d) front view of the TSH diffusion
path. Green and cyan spheres indicate Li and Co ions. Li vacancies are
marked with a cross. Black arrows point in the migration direction.
Only the Li* migration region of the system is shown for clarity. Right
panel: (e) NEB migration energy barrier (E,) results of LCO
expressed as a function of biaxial strain for the ODH and TSH
diffusion mechanisms, where the positive (negative) ratio corresponds
to tensile (compressive) strain.

single Li vacancy. As for the TSH pathway, which requires two
or more vacancies, Li* migrates along a curved path through a
tetrahedral site.

Figure 2e shows E, results obtained as a function of the
biaxial strain. It is demonstrated therein that the E, estimated
for the TSH diffusion path is always significantly lower than
that of the ODH mechanism, in agreement with previous DFT
results.”” Nevertheless, E, varies differently under biaxial strain
for both mechanisms. In particular, the E, of the ODH
mechanism is reduced under increasing strain, dropping by
0.02 eV from 5 = 0 to +4%. In contrast, at 7 = +4%, the E, of
the TSH mechanism greatly increases by ~61% compared to
the value estimated at zero strain (i.e., from 0.13 to 0.21 eV).
Moreover, upon compressive biaxial strain, E, for the ODH
mechanism increases slightly by 0.02 eV at 7 = —4%, whereas it

decreases by roughly the same amount for the TSH
mechanism.

Moreover, the application of uniaxial strain along the ¢ axis
yields strain along the a and b plane directions as characterized
by the Poisson’s ratio (~0.24 in our calculation) of LCO. To
confirm this, we proceeded to implement uniaxial strain
conditions of —2 and +2%, approximating the ¢ axis lengths
corresponding to biaxial strains of —4 and +4%, respectively.
Subsequently, we conducted additional NEB calculations,
specifically focusing on the TSH diffusion pathway—the
dominant mechanism, discussed in further detail in Section
3.2—to corroborate our supposition. The relaxed lattice
parameters corresponding to these uniaxial strain conditions
are outlined in Table S1b for reference. The outcomes, as
depicted in Figure S3, illustrate that tensile uniaxial strain along
the ¢ axis leads to a reduction in the E, (from 0.13 to 0.06 eV),
whereas the application of compressive strain is observed to
impede the diffusion process, resulting in a higher E, (from
0.13 to 0.25 eV). This indicates that uniaxial strain might have
a similar effect to biaxial strain. Acknowledging the observed
similarities, our emphasis remains directed toward biaxial
strain, as it has been extensively investigated in recent research
concerning the strain effects induced by rapid charging in
LCO.”

The estimated strain-induced E, trends indicate that
compressive biaxial strain could promote the overall ionic
conductivity in LCO because the TSH mechanism exhibits the
lowest E, compared to that of ODH and other possible
diffusion mechanisms identified in a previous study. Addition-
ally, the TSH mechanism has been suggested to become
dominatin§ in Li" diffusion as the concentration of Li vacancies
increases.”®*’ Nevertheless, in the zero-temperature NEB
calculations, possible lattice vibrations are totally neglected,
which could be very important for the ionic diffusion.”*' To
fully test the reliability of our E, results obtained with the zero-
temperature NEB approach, FPMD simulations were con-
ducted, as they take lattice thermal excitations into
consideration without the need for assuming any particular
diffusion path.**

3.2. Li* Diffusion at Finite Temperatures under
Biaxial Strain. Supercells containing 183 atoms
(Ligg;C00,) and 177 atoms (LiygCo0O,) were used in the
FPMD simulations to characterize the interplay between SOC
and Li" diffusion. Specifically, three and five Li atoms were
removed from each Li plane on average, respectively. The
calculated out-of-plane lattice parameter ¢ of bulk Li,CoO, (x
= 0.81 and 0.69) increased to 14.19 and 14.25 A, respectively,
as compared to perfectly stoichiometric LCO (14.15 A),
whereas a showed negligible variation (Table Sla), reaching a
good agreement with previous studies.”***** The highest Li
vacancy concentration was fixed at 33.3% because we would
like to avoid the phase transition toward a monoclinic phase.™
The Li ordering was initialized randomly. In general, in
Lipe9C00, at 7 = —4%, the ¢ axis increases up to 14.60 A
(under no strain, the value is 14.25 A), whereas at 7 = +4%, it
is reduced to 13.94 A. Based on the energy profiles shown in
Figure S4, all of the FPMD simulations reached equilibrium
after 20 ps. Therefore, the first 20 ps was disregarded in the
subsequent analysis of ion diffusion.

Time-averaged mean squared displacements (MSDs) and
the corresponding fit to the Arrhenius equation are shown in
Figure 3a—d, and Table 1 includes the E, values determined
for each strain case. The diffusion of Li" is visualized via the
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Figure 3. (3, b) Mean squared displacement calculated for Li* ions with FPMD simulations performed at 800, 1000, 1200, and 1400 K and
considering different epitaxial strain conditions, namely, 7 = —4, 0, and +4% for Liy5CoO, and Lij¢C0O,. (c, d) Arrhenius plots of the self-
diffusion coefficient in Liyg;CoO, and Li; ¢ CoO,. (e, f) Radial distribution functions of Li—Li distances averaged from 20 to 100 ps in the FPMD
simulations at 1200 K for # = —4, 0, and +4% for bulk Lij5,CoO, and Lij4CoO,.

Table 1. Activation Energy (E,), Conductivity (6), and Co
Layer Distance Measured with FPMD Simulations for
Liyg;C00, and Liy,,Co00, at § = —4, 0, and +4%

E, (eV) G300k (S cm™) Co layer distance (A)

LipCo0O,

n=—4% 0.22 + 0.02 1x 1073 2.13
n = 0% 0.23 + 0.05 8 x 107 2.04
n = +4% 0.45 + 0.06 8 x 1077 1.96
Lig69C00,

n=—4% 0.21 + 0.01 5% 1073 2.10
n=0% 0.27 + 0.03 5x107* 2.00
n=+4% 0.35 + 0.02 5x107° 1.91

atomic trajectories generated in the FPMD simulations (Figure
SS). The barriers obtained at 7 = 0% with different Li vacancy
concentrations are in quantitative agreement with previous
analogous®”** first-principles and experimental studies.’”*
The self-diffusion coefficients estimated at 300 K (Table S2),
D*59 1, for Ligg;Co0, and Liy ¢9Co0, are 5.3 X 107 and 4.2
X 107 cm?®/s, respectively, in good agreement with experi-
ments.*® Because of the high computational cost for FPMD, it
was not feasible to sample a detailed range of Li contents in
our study. Nevertheless, the agreement between our findings
and previous work serves as a testament to the soundness of
our selection and subsequent analysis.

We note that the E,'s obtained from FPMD simulations at %
= 0% are slightly higher than those obtained with NEB
calculations for the TSH mechanism (0.13 eV), namely, 0.23
eV for Lij5;CoO, and 0.27 eV for Li;4Co00O,. To make them
comparable, additional NEB calculations for Liy¢CoO, were
performed for comparison with NEB results, with E, for the
TSH diftusion pathway seeing an increasing trend for 7 = 0%
(from 0.13 to 0.19 eV). The origins of this outcome can be
understood as follows: (1) the TSH mechanism is the

dominant one in the presence of vacancies,”® and (2) the
effective positive charge of the Co ions increases when the
concentration of Li vacancies increases, thus electrostatically
hindering Li* diffusion.’’ Table 1 also shows that the E,
estimated for LiygCoO, at 7 = —4% (0.22 eV) is close to
the # = 0% value (0.23 eV), whereas under biaxial tensile
strain, it is doubled (0.4S eV). It is noteworthy that in the case
of Ligg;Co0O,, compressive strain does not have a significant
effect on E,. (The corresponding ionic conductivity, 6, was
found to increase slightly with respect to the zero-strain case,
although the small increment can be ascribed to a fitting error.)
Meanwhile, when the Li deficiency is further increased, the
compressive strain clearly enhances the Li* diffusion. In
particular, E, decreases by 0.06 eV for = —4% in comparison
to the zero-strain case. Likewise, the accompanying ionic
conductivities increase by 1 and 2 orders of magnitude (Table
1). The additional NEB calculations for LiyeCoO, also
confirm this trend (0.17 eV for 7 = —4% and 0.19 eV for 7 =
0%), whereas the reverse is true for tensile strain.

To gain insight into the variations in the Li" migration
properties, we conducted an analysis of the local structure
parameters. First, we performed a comparison of the Li layer
distances and Co layer distances (shown in Figure S6) under 7
= —4, 0, and +4%. A linear correlation between the Co layer
distance and E, can be observed, as shown in Table 1. For
example, the Co layer distance is reduced by approximately 4%
under 7 = +4%, resulting in an E, increase of nearly 100 and
30% for Liy5;CoO, and Liy¢Co00O,, respectively. On the other
hand, # = —4% results in a larger Co layer distance and
consequently leads to a lower E,, especially in LijsCoO, (a
layer expansion of approximately 6% leads to an E, reduction
of 20%). Notably, a larger Co layer distance results in smaller
electrostatic repulsive interactions during Li* migration alon%
the TSH pathway, which could promote Li* diffusion.*®”
Furthermore, Li layer distances (Table S3) also show a trivial
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Figure 4. (a) Calculated DFT-NEB energy barrier (E,) for Li* diffusion along two different pathways (ODH and TSH) for LCO under hydrostatic
pressure (HP) and strain-free cases. (b) Mean square displacement (MSD) calculated for Li* ions from FPMD simulations performed at 800, 1000,
1200, and 1400 K under an HP of 1 GPa in Liyg CoO, and Lij4Co0O,. During the first 20 ps of the FPMD simulations, the system was
equilibrated; hence, this interval of time was excluded from our analysis. (c) Radial distribution functions (RDFs) of Li—Li distances averaged from
20 to 100 ps in the FPMD simulation at 1200 K for 7 = 0% and HP in bulk Liy4;CoO, and LijCo0O,. (d) Arrhenius plots of the Li* self-diffusion

coefficients in Liyg,CoO, and Liy¢Co0O, under 1 GPa HP.

increase under compressive strain, which could also provide
additional room for Li* diffusion through the TSH mechanism,
leading to lower E,. Additionally, we analyzed the Li—Li radial
distribution functions (RDFs), as depicted in Figure 3ef. As
the a and b axes were compressed or enlarged, the peaks of the
RDFs shifted toward the left or right, along with increased or
decreased maximum populations of Li—Li distances, which
were consistent with the # = —4 and +4% conditions,
respectively. In the compressive situation, the Li—Li distances
thus decrease, which increase Coulomb repulsion and
destabilize the Li at its site, consequently resulting in a lower
energy barrier. Such a shortened Li—Li distance could promote
Li* diffusion and conduction.

The Li* diffusion enhancement effect observed under
compressive biaxial strain strongly depends on the Li vacancy
concentration.”® As previously mentioned, the E, and 654 ¢
calculated for Liyg,CoO, at # = —4% do not appreciably vary
from the values obtained at zero strain (see, e.g, the Li*
trajectory densities in Figure SS5). The specific vacancy
concentration at which the Li* diffusion enhancement effect
occurs under compressive biaxial strain is currently unknown
and requires further investigation. Nevertheless, it is still
plausible that compressive strain can promote the Li* diffusion
via creating Li/Co layer distance variation and increasing the
Li—Li Coulomb repulsion. Previous studies have reported such
cases of increased diffusivity with similar mechanisms due to
compressive strain for various materials.** >

3.3. Li* Diffusion under Hydrostatic Pressure (HP). We
also investigated Li" diffusion under 1 GPa of HP in LCO, as
such a scenario occurs during the packaging of batteries and in
different performance and safety tests.”” NEB calculations

53618

show that upon 1 GPa of hydrostatic pressure, the activation
energy for Li* diffusion of both the ODH and TSH pathways
increases by 0.02 eV (Figure 4a).

To further investigate the Li* migration behavior, FPMD
simulations were also performed to mix all the diffusion
pathways and take lattice thermal excitations into consid-
eration. Figure 4b shows the MSD results obtained for
Liy4;C00O, and Lij¢Co00O, in our FPMD simulations. Note
that we disregard the case of 800 K for Liy s, CoO,, when fitting
D(T) to the Arrhenius equation due to the negligible MSD
(average MSD per atom of less than 3 A over 80 ps). E, for
Li* migration rises from 023 (Table 1) to 0.32 eV in
Lig5,Co0,, but it decreases to 0.29 eV in Liy4CoO, (Figure
4d).

Analysis of the local structure parameters was performed to
understand the diffusion-suppressing effect of HP. Table S4
indicates that under HP, the c lattice parameters of Liy g CoO,
and LiyCo0, decrease by 0.06 and 0.08 A, respectively,
compared to the unstressed system (Table Sla). Table SS
shows that only the Li layer distance undergoes a minor
contraction, whereas the Co layer distance remains relatively
unchanged. This leads to an increase in E, for Li* migration.
However, our observations also reveal that the a and b lattice
parameters of Liyg;CoO, and Lij4CoO, decrease by 0.3 and
0.5%, respectively. Combined with RDF analysis (refer to
Figure 4c), we find that the Li—Li peak shifts to the left,
indicating a shortened Li—Li distance when the Li vacancy
concentration increases in Lij4Co0O, (this effect is not seen
for Liy3;Co0,). This indicates a stronger Coulomb repulsion,
which could offset the negative effect of smaller Li layer
distances and promote Li" diffusion, thus explaining why E,
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drops in LijgCo0O,. Although the activation energy in
Liy 49C00, is lower than that of Liyg;CoO,, it is still higher
than that of the unstressed system (0.27 eV, Table 1),
suggesting that the application of HP could lead to a decrease
in Li* diffusion in LiCoO,.

Similar to E,, which characterizes the Li ionic diffusivity
through an Arrhenius-type relation (eq 2), a characteristic
activation volume (V,) for conduction can describe the
pressure-dependent evolution of ionic conductivity.”’V, and
E, are interconnected, with V, capturing the changes in E, as
stress is applied. Given the influence of Co and Li layer
distance variations, it is also important to consider the role of
V, in the migration process, which provides additional insights
into the migration mechanism and the interplay between the
material structure and the migration pathway.”* We performed
additional NEB calculations of LCO to obtain the E, under 2,
3, 4, and 5 GPa of HP. V, is obtained as follows:>”

OE,
dp

a

T (5)

where p is the pressure and T is the temperature. The V, for
LCO under hydrostatic pressure is obtained as 2.6 + 0.1 cm®/
mol. Note that we only considered the TSH diffusion pathway
as it is the dominant one in LCO under the presence of
vacancies (see Sec 3.2). The V, can be further extended in
tensor form utilizing the conventional concept of the elastic
stiffness tensor in the elastic theory, as follows:

o o 285 0 0
= |5 1l = ci].‘k}a—a =l 0 285 0
% Iy il o o 228 )

where Cyy is the elastic stiffness tensor of LCO, o the stress
tensor, and ¢; the strain tensor under HP.

We refer to Supporting Discussion 2 for a more detailed
derivation of Equation 6. To the best of our knowledge, it is
the first time that the V, and its tensor form of LCO are
reported. A nonzero activation volume serves as an indicator of
a disparity between the available free volume within the
structure and the volume necessary for efficient ion migration.
A positive V, shows that Li* ions need to open up the space for
diffusion, as described in previous studies for Li(GeP,S,
(+2.17 cm®/mol),” NayPS, (+1.78 cm>/mol for high temper-
ature),”* and t-Li,SiPSg (+1.7—2.0 cm®/mol).*® On the other
hand, a negative V,, indicating an enhanced ionic diffusivity
under increasing pressure, is also observed in certain cases, for
example, Ag;SI (—2.3 + 0.4 cm®/mol) and Li-$-AL,O; (—0.7
cm®/mol).”” Our V, shows consistent results with our AIMD
calculation, i.e., that Li* diffusion decreases under external HP,
given the shrinkage of the diffusion space. Inspired by the work
carried out by Jagad et al,>® we explored a two-step fitting by
adding HP and V, into the Arrhenius equation. Comparing
one-step and two-step fitting (Figure S8), E, for LijgCoO,
increased slightly from 0.32 to 0.34 eV, whereas E, for
Liy 49C00, does not show a significant change between two
fitting procedures. Moreover, D, of Liyg,CoO, decreases from
3 X 107 to 1.8 X 107'° cm?/s, whereas that of Liyg CoO,
remains relatively constant. Despite these minor effects, our
conclusion on the tuned Li* diffusion under HP in LCO
remains unchanged. For consistency with biaxial strain effects,
we thus retained the one-step fitting results.

3.4. Li Vacancy Formation Energy under Biaxial
Strain and HP. The formation energy (Ey) of a Li vacancy
(V) is a critical quantity in the evaluation of Li* transport
because Vy; affects the intercalation potential and rate
capability of cathode materials. Note that the calculated Ey is
given with respect to the Li metal (see Section 2). The effects
of biaxial strain and HP on Ey; were estimated for LiCoO,. As
shown in Figure S, the average Ey calculated for LiCoO,

4.5

Ey for V; (eV)

3.8

n=-4% n=0% n=+4% IP

Figure 5. Formation energy (Ey) of a single Li vacancy for LiCoO,
under 7 = —4, 0, and +4% and HP.

amounts to 4.21 eV at # = 0%, which is in good agreement
with previous DFT studies.**”°E,, for LiCoO, is reduced by
0.2 eV under 7 = —4% and increased by 0.15 eV under 5 =
+4% with respect to the = 0% case. We expressed Ey as a
function of biaxial strain and obtained the xx (or yy)
component of the elastic dipole tensor (both 4.74 eV) with
respect to the biaxial strain,’"®* as shown in Figure S$9.
Moreover, the variation of Ey suggests that compressive strain
makes it easier to remove Li* from the cathode material, which
leads to a lower intercalation potential. Regarding the
application of HP, we found that the average Ey of LCO is
0.05 eV lower than that of the analogous uncompressed
system. Bader charge analysis (Table S7) shows that under
compressive biaxial strain, the Li* ions concede on average less
charge to the nearby O ions than under tensile strain, thus
indicating weaker bonding interactions. A weaker interaction
results in a lower Ey and easier Li* extraction. Lastly, the
nearest average Li—Li distances under different strain cases
were evaluated. In the compressive case (n = —4%), the
average distance is reduced by 0.07 A, indicating a stronger
Li—Li Coulomb repulsion interaction, which also contributes
to a lower Ey. Meanwhile, in the tensile case (7 = +4%), the
distance is increased by 0.11 A, correspondingly resulting in a
higher Ey. A lower Ey can limit the performance of energy
storage devices by reducing the intercalation voltage and,
ultimately, the energy density of the cathode material.

4. CONCLUSIONS

We have presented a comprehensive first-principles study of
the Li* diffusion properties of SOC LCO under biaxial strain
and an HP of around 1 GPa. By performing both NEB and
FPMD calculations, we found that compressive biaxial strain
tends to enhance Li* diffusivity, whereas tensile biaxial strain
suppresses it. FPMD simulations show that compressive strain
does not tend to promote Li* diffusion when Li deficiencies are
low, whereas tensile biaxial strain always tends to hinder the
diffusion. Our results demonstrated that, under compressive
strain, the Co layer distance was greatly increased, leading to
an easier diffusion of Li* along the TSH pathway by reducing
the activation energy. Moreover, a stronger Coulomb
interaction between Li-ions also contributed to Li* diffusion.
In contrast, HP could decrease Li" diffusion in LCO, primarily
by reducing the Li layer distance, with Coulomb repulsion
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between Li-ions partially offsetting this effect. However, the
resulting increase in E, of Li* migration ultimately results in a
decrease in Li* diffusion. The results thus highlight the
interplay among mechanical strain, variations in Li/Co layer
distance, Li—Li distance, state-of-charge, and Li" diffusion in
LCO. AV, ~2.6 + 0.1 cm*/mol for LCO under HP is reported
for the first time, indicating that Li migration requires
additional space. Moreover, the calculated formation energies
of a single Li vacancy show that Li vacancies are more likely to
be created under compressive biaxial strain than under tensile
strain, which could subsequently lead to a lower energy
density. This trend is due to a weaker Li—O interaction, as
demonstrated by the Bader charge analysis and supported by a
strong Li—Li Coulomb interaction. Meanwhile, HP has a
relatively minor effect on the formation of a single Li vacancy.
The present results provide guidance on LCO cathode control,
in which the strain effect should be taken into account, and can
be generalized to other layered oxide cathodes to stimulate
research efforts in this direction.
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