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The mechanical properties of LixCoO2 under various Li concentrations and associated anisotropy

have been systematically studied using the first principles method. During the lithium intercalation

process, the Young’s modulus, bulk modulus, shear modulus, and ultimate strength increase with

increasing lithium concentration. Strong anisotropy of mechanical properties between a-axis and

c-axis in LixCoO2 is identified at low lithium concentrations, and the anisotropy decreases with

increasing lithium concentration. The observed lithium concentration dependence and anisotropy

are explained by analyzing the charge transfer using Bader charge analysis, bond order analysis,

and bond strength by investigating partial density of states and charge density difference. With the

decrease of Li concentration, the charge depletion in the bonding regions increases, indicating a

weaker Co-O bond strength. Additionally, the Young’s modulus, bulk modulus, shear modulus,

and toughness are obtained by simulating ab initio tensile tests. From the simulated stress-strain

curves, LixCoO2 shows the highest toughness, which is in contraction with Pugh criterion predic-

tion based on elastic properties only. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937409]

I. INTRODUCTION

Efficient and durable energy storage is one of the major

factors limiting the development of renewable energy. Since

lithium-ion batteries were first commercialized by Sony in

1991, they have played a significant role in energy storage

devices. One of the popular cathode materials in lithium-ion

(Li-ion) batteries is lithium cobalt oxide (LiCoO2) developed

by Goodenough and Mizushima in 1980s.1 Due to its excel-

lent electrochemical properties of LiCoO2, it becomes one

of the most widely used cathode materials in lithium-ion

batteries.2

A critical challenge in advanced lithium-ion batteries is

preventing fracture and mechanical failure of electrodes

during lithium intercalation and deintercalation processes.

Large volume expansion, phase transition, and associated Li

diffusion-induced stresses within electrode materials can

lead to their fracture and failure, which result in battery

capacity loss and power fade. For LiCoO2, it is found that

capacity faded about 2.2% and 6.5% for exchange of 0.5 Li

per CoO2 after 10 and 50 charge-discharge cycles and

accompanied with a decrease of Co-O bond length using

X-ray absorption spectroscopy.3 A transmission electron

microscopy (TEM) study showed that 20% of the LiCoO2

particles were indeed fractured after 50 cycles at a 0.2 C rate

between 2.5 V and 4.35 V.4 Thus it is important to under-

stand the mechanical properties of LiCoO2 during lithium

intercalation and deintercalation processes.

There are several works on investigating the mechanical

properties of pure LiCoO2. Hart and Bates5 calculated the

elastic constants of LiCoO2 using atomistic empirical potential

model. Their results estimated the Young’s modulus in the

range of 315–516 GPa. Wang et al.4 reported the bulk mod-

ulus of LiCoO2 149 6 2 GPa using high-pressure synchro-

tron X-ray powder diffraction (XRD) experiments. They

also did density functional theory (DFT) calculations of

bulk modulus of 168.5 and 142.9 GPa using the local den-

sity approximation (LDA) and generalized gradient

approximation (GGA), respectively. Recently, Qi et al.6

demonstrated the averaged Young’s modulus of LiCoO2

with 264 GPa, and CoO2 with 98.5 GPa using a hybrid

functional (HSE06).

In terms of anisotropy, Diercks et al.7 experimentally

studied the anisotropic mechanical behavior in cycled

LiCoO2. Nanoindentation was performed on individual

LiCoO2 particles. Fractures in these particles exhibited ani-

sotropic behavior, which was confirmed by electron micros-

copy and diffraction examination indicating both intra- and

inter-granular fracture occurred on (001) planes.

Isotropic mechanical properties have been used in

almost all of the Li-ion battery models in literature without

taking into account of Li content effect on mechanical prop-

erties. The reason is that these mechanical properties, such

as Young’s modulus, elastic constants, bulk modulus, and

shear modulus, are not completely available in literature,

likely due to experimental challenges. Hence theoretical

study of anisotropic and Li content dependent mechanical

properties of single crystal LixCoO2 is warranted.

In this paper, anisotropic and Li concentration depend-

ent mechanical properties will be studied systematically. To

our best knowledge, these properties have not been reported

in the literature. The paper will be organized as follows: In

Section II, the details of DFT calculation are given to

describe the strategy of modeling LixCoO2 under various Li
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concentrations. In Section III, the elastic properties of

LixCoO2 under various Li concentrations are calculated

using both energy strain approach and stress strain approach.

Bond order analysis, partial density of states (PDOS), charge

density difference, and Bader charge analysis are employed

to investigate the anisotropic and Li concentration dependent

mechanical properties. A relationship to estimate the

Young’s modulus and ultimate strength of LixCoO2 at vari-

ous lithium concentrations is proposed. Conclusion is given

in Section IV.

II. COMPUTATIONAL DETAILS

The mechanical properties of LixCoO2 are calculated

using the DFT method.8,9 The exchange correlation energy and

potential are described as GGA in the scheme of Perdew–

Burke–Ernzerhof (PBE).10,11 The projected augmented wave

(PAW) method12,13 is used, as implemented in the Vienna

ab intio Simulation Package (VASP)14,15 and Cambridge Serial

Total Energy Package (CASTEP).16 GGA functionals are

selected because they are more reliable than LDA functionals

for predicting transition metal systems.17 Because d orbital

plays an important role in coordinating for transition metals,

the U (on-site coulomb term) value for Co-3d is selected to be

4.91 eV according to the literature.18

LixCoO2 calculations are performed with a 2� 2� 1

supercell (Fig. 1). For x¼ 0.5, 0.75, and 1, the LixCoO2

configurations are chosen same as described in Ref. 19. The

convergence tests of the total energy with respect to the

k-points sampling and cut-off energy have been carefully

examined; these ensure that the total energy is converged to

within 10�5 eV per formula unit. The Monkhorst–Pack20

scheme 3� 3� 1 k-points mesh is used for the integration

in the irreducible Brillouin zone. Energy cut-off for the

plane waves is chosen to be 500 eV. Before the calculation,

both the lattice parameters and the ionic positions are fully

relaxed, and the final forces on all relaxed atoms are less

than 0.005 eV/Å.

In principle, there are two ways of computing single

crystal mechanical properties from ab initio methods: the

energy-strain approach and the stress-strain approach. The

energy-strain approach is based on the computed total ener-

gies of properly selected strained states of the crystal. The

stress-strain approach, on the other hand, relies on the feature

of VASP to directly calculate the stress tensor. Both methods

will be used in this study.

For the energy-strain approach, elastic constants can be

obtained by analyzing energies under different small strain

patterns in VASP and CASTEP. A finite strain amplitude is

specified for each strain pattern. Once elastic constants are

determined, Young’s modulus and Poisson’s ratio can be

deduced. It is noted that the calculations have an assumption

of small elastic strain deformations.

To investigate the mechanical properties in large deforma-

tions until fracture, simulated tensile tests (stress-strain

approach) are performed using the first principles method

implemented in VASP. Strain increments are continuously

applied to the cell along tensile directions. For each strain,

ions are allowed to be relaxed so that the stress in other direc-

tions is minimized. Stress components can be directly obtained

from the simulation result files. Once the stress-strain curve is

obtained, the Young’s modulus along the direction of strain

can be computed from the first derivatives of the stresses, and

toughness can be calculated from the integral of the area below

the stress-strain curve.

III. RESULTS AND DISCUSSION

The calculated LiCoO2 lattice parameters are a¼ b

¼ 2.84 Å, c¼ 14.16 Å, a¼ b¼ 90o, c¼ 120�,21 with litera-

ture experimental data22,23 and computational results6,24

included in Table I. The optimized volume of our calculation

is generally in good agreement with the literature data and is

slightly greater than the experimental data.23 Further delithi-

ated phase calculations of LixCoO2 are based on the relaxed

unit cell. For CoO2, the relaxed CoO2 has the following lat-

tice parameters, a¼ b¼ 2.86 Å, c¼ 4.79 Å, a¼ b¼ 90�,
c¼ 120�. The volume of CoO2 is 33.93 Å3, which is about

2.9% bigger than that of LiCoO2. This indicates a volume

change during Li intercalation and deintercalation cycling.

A. Li concentration dependent elastic properties

To calculate the Li concentration dependent elastic

properties, the ground states with the lowest energy configu-

ration of LixCoO2 for x¼ 0.5, 0.75, and 1 are selected. The

initial configurations are chosen as described in Ref. 19.

CoO2 is also used for comparison. The reason of selecting

these three configurations LixCoO2 (x¼ 0.5, 0.75, and 1) is

FIG. 1. (a) The 2� 2� 1 super cell of LiCoO2. The unit cell is the cell in

solid line, (b) unit cell of CoO2. The green balls are Li atoms. The red balls

are oxygen atoms. The blue balls are cobalt atoms.

TABLE I. Lattice parameters and volume of LiCoO2.

a & b (Å) c (Å) V (Å3)

This work 2.84 14.16 32.96

Experiment22,23 2.82 14.05 32.23

Xiong et al.24 (GGA) 2.84 14.17 32.99

Qi et al.6 (HSE06) 2.80 14.07 31.84
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that there are phase transitions at low and medium Li con-

centrations (x< 0.5). Reimers and Dahn25 observed that

LixCoO2 transformed to a monoclinic structure at 0.5 Li con-

centration using in situ X-ray diffraction measurement. Van

der Ven et al.26 established the phase diagram using the den-

sity functional theory calculations coupled with cluster

expansion method. They confirmed the phase transitions

occurred at low and medium lithium concentrations.

The calculated Li concentration dependent elastic proper-

ties using energy-strain approach are listed in Table II. For

pure LiCoO2, the Young’s modulus has the same value along

the X- and Y-axis directions due to the symmetry of the struc-

ture. In this work, the X-Y plane is located in the plane com-

posed by a and b crystallographic axes. The Z axis is the c
crystallographic axis. To calibrate the model, a comparison

with the results using CASTEP and literature data is conducted.

As shown in Table II, the results obtained from CASTEP are

slightly lower than those from VASP. This may be caused by

the different algorithms implemented in two software packages.

For the Young’s modulus, Hart and Bates5 applied the energy-

strain approach to calculate the elastic constants using GULP.

The results were in the range of 315–516 GPa. The discrepancy

may be caused by their atomistic empirical potentials. Qu

et al.27 studied the Young’s moduli of polycrystalline LiCoO2

grains were measured to be 151–236 GPa using nano-

indentation experiment. Wang et al.28 reported the Young’s

modulus of LiCoO2 powder was about 171 GPa obtained from

high-pressure synchrotron XRD experiments. Because the ma-

terial used in this study is a single crystal, it is reasonable to get

a higher Young’s modulus than experiment. Wang et al.4

reported bulk modulus 168 GPa using the DFT calculations,

and the result is consistent with this study. With single crystal

data, the elastic properties of the polycrystalline can be approx-

imately estimated by using the Voigt–Reuss–Hill homogeniza-

tion scheme,29 and they are also included in Table II.

Lithium concentration has a profound effect on the elass-

tic properties of LixCoO2. As shown in Table II, LiCoO2

shows a very large increase of effective Young’s modulus

compared with that of CoO2, which is about 200% higher.

This is mainly due to the increase of Young’s modulus in Z

direction. Without the Li ions, the layers of CoO2 are weakly

bonded by van der Waals forces.30 With the increase of the Li

concentration (0.5< x< 1), the Young’s moduli in X-axis

direction increase from 270.97 GPa to 321.05 GPa; meanwhile

in Z-axis direction, the Young’s moduli increase from

106.36 GPa to 212.83 GPa. The bulk modulus, shear modulus

share the same trend as the Young’s modulus.

B. Anisotropy of Young’s modulus

It is noted that in Table II, the Young’s moduli show

different values depending on axis directions. The ratio of

EX/EZ is defined to describe the anisotropy of LixCoO2.

Using the data in Table II, the anisotroy of Young’s modulus

as a function of Li ion concentration is ploted in Fig. 2.

LixCoO2 shows a decreasing anisotropy with the increase of

Li concentration. This is due to the fact that during deinterca-

lation process or low Li concentration, Li ions leave the lay-

ered LixCoO2 structure causing weak van der Waals bonds

in Z-axis direction.30 During intercalation process, on the

other hand, Li ions fill the layered structure, producing a

stronger bond in Z-axis direction, thus reducing anisotropy.

To verify the preceding statement, bond order analysis31–33

is employed to study the bonding between Li and CoO2

layer. The results are listed in Table III. The bond order of

Li-CoO2 is 0, 0.37, 0.40, and 0.42 for CoO2, Li0.5CoO2,

Li0.75CoO2, and LiCoO2, respectively. The increase of bond

order indicates the increasing bond strength in Z-axis direc-

tion with the insertion of Li ions. Due to this anisotropy of

Young’s modulus, the induced mechanical stresses during

intercalation and deintercalation processes will be oscillated.

C. Stress-strain relation and toughness

Beyond elastic regions, it is also important to investigate

large deformations. Experimentally, it is a daunting task to

perform a tensile test on a brittle oxide material. In this

TABLE II. Elastic properties of LixCoO2 for x¼ 0, 0.5, 0.75 and 1. Bulk

modulus (B), shear modulus (G) and Young’s modulus (E) are included.

Subscripts H, R and V represents the results using the Voigt-Reuss-Hill

homogenization scheme.40

VASP CASTEP

CoO2 Li0.5CoO2 Li0.75CoO2 LiCoO2 CoO2 LiCoO2

EX (GPa) 261.38 270.97 275.51 321.05 242.62 290.06

EZ (GPa) 75.89 106.36 135.19 212.83 51.36 177.25

EVRH (GPa) 108.52 145.83 165.74 252.09 99.83 234.51

B (GPa) 68.69 100.65 110.35 166.74 58.67 123.67

BH (GPa) 96.87 113.74 119.25 171.95 71.87 129.26

BR (GPa) 68.69 100.65 110.35 166.75 58.67 123.17

BV (GPa) 125.05 127.34 128.15 177.16 95.07 135.34

GH (GPa) 41.71 58.63 65.34 111.38 31.66 86.68

GR (GPa) 18.95 43.72 55.30 96.01 9.85 82.25

GV (GPa) 64.46 72.96 74.89 104.75 53.47 91.10

FIG. 2. Anisotropy of Young’s modulus in LixCoO2 as a function of Li

concentration.

TABLE III. Bond orders in Li-CoO2 in LixCoO2.

Bond order

CoO2 0

Li0.5CoO2 0.37

Li0.75CoO2 0.40

LiCoO2 0.42
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study, the simulated stress-strain curves of LixCoO2 are

calcualted. From the stress-strain curve, three important me-

chanical properties can be evaluated: Young’s modulus, ulti-

mate strength, and toughness.

The stress-strain curves of CoO2, Li0.5CoO2, Li0.75CoO2,

and LiCoO2 along Z- and X-axis directions are shown in

Figs. 3 and 4, respectively. Because of the symmetry between

X and Y axes, only the strain along the X axis is applied. The

slope of initial linear portion of the stress-strain curve repre-

sents the Young’s modulus, which is shown in Table IV. The

calculated Young’s moduli are consistent with the results in

Table II, which confirms the correctness of the data. The

Young’s modulus anisotropy Ex/Ez using the data in Table IV

is plotted in Fig. 2. Clearly, the two methods yield a very simi-

lar concentration dependent anisotropy. It is noted that using

energy strain approach may meet the numerical difficulties

when computing the second derivatives of the total energy

with respect to the strain.34 This can explain why these two

methods show slightly different values. Besides, the ultimate

strengths, UTS, along X- and Z-axis directions increase with

the increase of Li concentration, as shown in Table IV.

To determine the brittleness or toughness of ceramic mate-

rials, Pugh criterion, BH/GH, has been widely used,35 where BH

and GH are the bulk and shear modulus listed in Table II,

respectively. In Pugh criterion, if BH/GH � 1.75, the material

is considered as ductile, while brittle behavior corresponds to

BH/GH � 1.75. The brittle and ductile behavior of LixCoO2

based on the Pugh’s criterion is shown in Fig. 5. Based on the

Pugh’s criterion, LiCoO2 is brittle, while CoO2, Li0.5CoO2, and

Li0.75CoO2 are ductile. However, this creterion is based on elas-

tic properties and is too rough to capture all details of large

deformations. To characerize the ductility and brittleness of

LixCoO2, the simulated tensile tests data are used.

Using the simulated stress-strain curves shown in Figs. 3

and 4, it is clear that LiCoO2 has the highest Young’s modulus,

or highest stiffness in elastic regions, which is a typical feature

of brittle materials. It is also consistent with the predication

using the Pugh’s criterion. However, when large deformations

beyond elastic deformation are considered, using calculated

toughness, Gc, as the criterion, single crytal LiCoO2 has the

highest ductility among LixCoO2. The order of ductility of

LixCoO2 is: LiCoO2>Li0.75CoO2>Li0.5CoO2>CoO2.

As mentioned in the preceding text, Pugh’s criterion

uses elastic properties to estimate the ductility of the mate-

rial. The ductility, Gc, can be directly characterized as the

area under the stress-strain curve. Larger area means higher

ductility. In Figs. 3 and 4, the areas under the stress-strain

curves increase with the Li intercalation; this is in contradic-

tion with the Pugh’s criterion. Thus Pugh’s theory is not an

accurate criterion describing LixCoO2.

D. Partial density of states, electron charge transfer,
and bond strength

To explain the observed anisotropic lithium content de-

pendent mechanical properties, the PDOS of unstrained

LixCoO2 are calculated as shown in Fig. 6. Because the

FIG. 3. Stress-strain curves of simulated tensile tests of CoO2, Li0.5CoO2,

Li0.75CoO2, and LiCoO2 along Z direction.

FIG. 4. Stress-strain curves of simulated tensile tests of of CoO2, Li0.5CoO2,

Li0.75CoO2, and LiCoO2 along X direction.

TABLE IV. Mechanical properties obtained from ab inito tensile test. E is

Young’s modulus. UTS is ultimate strength. GC is fracture toughness. The

subscripts X and Z represent the directions.

CoO2 Li0.5CoO2 Li0.75CoO2 LiCoO2

EX (GPa) 250.36 276.77 289.36 340.21

EZ (GPa) 86.67 104.73 113.33 173.91

UTSX (GPa) 30.08 34.20 38.24 44.15

UTSZ (GPa) 29.12 31.51 34.03 40.23

GCX (GPa) 4.78 5.77 6.16 7.15

GCZ (GPa) 7.19 8.51 9.40 11.22

FIG. 5. Pugh’s criterion, BH/GH, of LixCoO2.
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strength of the interatomic bonding and the consequent me-

chanical response of the materials to deformation are deter-

mined primarily by the occupied states just below the Fermi

level, the energy range 0–7.5 eV below the Fermi level is

used for analysis. It is noted that the contribution of Li to the

density of states is very small compared to the Co and O, so

the PDOS of Li is not shown here. This result is consistent

with both the photoemission spectroscopy and DFT study.36

It can be seen that in this range, the outermost d orbitals of

the transition metal Co overlap significantly with the outer-

most p orbitals of the O, indicating a strong p-d hybridiza-

tion. The highest occupied states in LixCoO2 are dominated

by Co 3d states between �1.5 eV and 0 eV. The PDOS

figures show an asymmetry with the Li extraction, which

indicates the increasing magnetization. In stoichiometric

LiCoO2, Co is not magnetic because the average oxidation

state of Co is Co3þ with 6 electrons occupying 3d orbital.

Once Li ions are extracted, the average oxidation state of Co

will change, thus making Co become magnetic. This is con-

sistent with the experimental observation.37 The energy

region between �1.5 eV and �8 eV is dominated by O 2p
states for LiCoO2 and shows a stronger hybridization than

Co 3d states. With the decrease of x, the energetic overlap of

O 2p states and the Co 3d states increases.

The changes of the p-d hybridization orbitals can be

characterized by the center of the d bands below the Fermi

level, as expressed as38

Ed ¼

ðEF

EL

PDOS E; dð Þ � EdE

ðEF

EL

PDOS E; dð ÞdE

; (1)

where Ed is the center of the d bands, the Fermi leval EF is 0,

EL is �7.5 eV to cover the p-d hybridization region,

PDOS(E,d) is the partial density of states projected onto the d

orbitals of the transition metal Co. The calculated Ed for

Li0.5CoO2, Li0.75CoO2, and LiCoO2 are �1.98 eV, �2.02 eV,

and �2.06 eV, respectively. The stronger the interatomic

bond, the lower the Ed value.38 Hence the center of the d
bands below the Fermi level provides the insight that LiCoO2

exibits a higher Young’s modulus and ulimate strength com-

pared to the delithiated LixCoO2.

To visualize the hybridized electronic states between the

transition metal Co and O atoms, the electronic charge distri-

butions are calculated. Figure 7 shows the bonding charge

FIG. 6. Partial density of states (PDOS) of LixCoO2 (a) Li0.5CoO2, (b)

Li0.75CoO2, (c) LiCoO2.

FIG. 7. Charge density difference for LixCoO2. (a) Li0.5CoO2, (b) Li0.75CoO2,

(c) LiCoO2. The blue ball is cobalt atom. The red ball is oxygen atom. The

view is cut on (44,�21, �1) plane.
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density of LixCoO2. The bonding charge density is obtained

as the difference between the valence charge density of strain-

free LixCoO2 and the superposition of the valence charge den-

sity of the constituent atoms. A positive value (red) indicates

electron accumulation while a negative value (blue) denotes

electron depletion. These bonding charge distributions clearly

show the electron accumulation in LixCoO2. The amount of

charge localized in this region qualitatively indicates the

strength of the Co-O bond. It is obvious that during Li deinter-

calation, the charge accumulation in the bonding regions

become less, indicating a weaker Co-O bond, lower Young’s

modulus, and ultimate strength.

To further understand the charge transfer quantitively,

the magnitude of the charge transfer using Bader charge

analysis is conducted.39 As shown in Fig. 8, the Young’s

modulus and the ultimate strength along X and Z directions

have a linear relationship with both the Li concentration and

the charge transfer. It is obvious that the Young’s modulus

increased with the larger amount of charge transfer. The lith-

ium concentration dependence and anisotropy confirm the

previous electron density difference results and also the data

in Tables II and IV.

The relationship can be conveniently described by a lin-

ear relationship y¼mDQþ n, where DQ is the charge trans-

fer, y is the Young’s modulus or ultimate strength. The

coefficient m and n are listed in Table V. These expressions

provide a convenient description of the mechanical properties

of LixCoO2, during Li lithiation and delithiation processes.

IV. CONCLUSION

In this paper, the Li content dependent elastic properties

have been systematically studied using the first principles

calculations. The conclusions are summarized as follows:

(1) The elastic properties under various Li concentrations

are computed, and the results are confirmed by simulated

ab initio tensile tests.

(2) With the increase of the Li concentration (0.5< x< 1),

the Young’s modulus in X direction increased from

276.77 GPa to 340.21 GPa, meanwhile in Z direction, the

Young’s modulus increased from 104.73 GPa to

173.91 GPa.

(3) With the increase of the Li concentration (0.5< x< 1), the

ultimate strength along X and Z directions increased from

30 GPa to 44 GPa and from 28 GPa to 39 GPa, respectively.

(4) Strong anisotropy of mechanical properties between

a-axis and c-axis in LixCoO2 is identified at low lithium

concentrations, and the anisotropy decreases with

increasing lithium concentration.

(5) Pugh’s criterion is not suitable to describe the ductility

of LixCoO2.

(6) The observed Li concentration dependent mechanical prop-

erties and anisotropy are due to the changes of the Co-O

bond strength during Li intercalation. With the increase of

Li concentration, the charge accumulation in the bonding

regions increases, indicating a strong Co-O bond.

(7) The Young’s modulus and ultimate strength of LixCoO2

have a linear relationship with both the Li concentration

and the charge transfer. This expression can be used to

estimate the Li concentration dependent mechanical

properties of LixCoO2.
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