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Abstract. Cobalt sulphides, including CoS, CoS2, Co3S4 and Co9S8, have been studied as potential anode materials for

Li- and Na-ion batteries. However, the mechanical properties of the cobalt sulphides have not been intensively investi-

gated. In this work, density functional theory (DFT) calculation was employed to study the mechanical properties of the

cobalt sulphides mentioned above. Besides, the mechanical properties of final products of lithiation/sodiation of Co9S8
have been calculated, including the bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio. This work

provides an insight into understanding the electrochemical performance of Co9S8 material as anode material for Li- and

Na-storage during the cycling process.
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1. Introduction

Development of new materials for Li-ion batteries (LIBs)

has received a great deal of attention in recent years due to

the disadvantages of the existing electrode materials [1–3].

In the case of anode materials, graphite has been widely

used in commercial LIBs. However, the low theoretical

capacity of graphite does not meet the consumer’s need for

batteries with high energy density [4]. Thus, extensive

efforts have been devoted to exploring new anode materials

with a high capacity for advanced LIBs [5–8]. Recently,

nanostructured carbon materials including graphene, nan-

otubes, nanofibres and porous carbon have been intensively

investigated [9–12]. The capacity of these carbonous

materials is higher than the theoretical capacity of graphite.

The drawbacks of these carbonous anodes include the low

charging/discharging efficiency at the first cycle and the

poor dispersion stability.

Transition metal sulphides have been considered as

promising candidates for graphite anode materials due to

their high theoretical capacity [13,14]. However, the

application of transition metal sulphides is greatly prohib-

ited by the large volume change during the lithiation pro-

cess. Many strategies have been carried out to enhance the

structural stability of transition metal sulphides, such as

morphology modulation, surface coating and combination

with carbon nanomaterials. In the family of transition metal

sulphides, cobalt sulphides including the forms of CoS,

CoS2, Co3S4, and Co9S8 have been considered as potential

anode materials for LIBs and sodium-ion batteries owing to

their high theoretical capacities and high electrical con-

ductivity [15,16]. However, practical application of cobalt

sulphides is limited by severe volume changes during the

lithiation process and poor electrochemical kinetics, which

causes poor cyclic stability and unsatisfactory rate capa-

bility. Several methods have been adopted to improve the

electrochemical performance of cobalt sulphides, such as

hybridization of cobalt sulphides with carbonaceous mate-

rials and construction of hierarchical structures. Although

cobalt sulphides have been intensively studied, the struc-

tural evolution during the lithiation/sodiation process is still

unrevealed from the view of mechanics. The rate capability

and cycling performance of the electrode materials greatly

depend on the structural stability. The Li insertion caused

the lattice distortion of the electrode materials, and further

resulted in the changes in bond length and angles. Usually,

the bulk modulus is used to characterize a materials resis-

tance to volume deformation against external pressure,

while the shear modulus measures a materials ability to

resist shear strain. That is, the mechanical properties of the

materials often determine their structural stability and the

applications.

Up to now, the mechanical properties of the cobalt sul-

phides have not been intensively investigated. Thus in this

work, density functional theory (DFT) calculation was

employed to study the mechanical properties of the cobalt

sulphides mentioned above. Besides, the structural evolu-

tion of the most stable phase Co9S8 during the
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lithiation/sodiation process has been calculated, including

the bulk modulus, shear modulus, Young’s modulus and

Poisson’s ratio.

2. Calculation method

Structural optimization and calculation of elastic constants

of cobalt sulphides (CoS, CoS2, Co3S4 and Co9S8) have

been performed by CASTEP module built in Materials

Studio, based on Perdew-Burke-Ernzerhof (PBE) theoreti-

cal framework. Electronic wavefunctions are expanded in a

plane wave basis set with the kinetic energy cutoff of 600

eV. The k-points 1391398, 79797, 79797 and 49494

were adopted for integration in the Brillouin zone. The

convergence criterion of energy was set as 5.0910-7 eV per

atom. The maximum number of fully self-consistent field

iteration steps is set to 300.

3. Results and discussion

The atomic structures of cobalt sulphides (hexagonal phase

CoS, cubic phase CoS2, cubic phase Co3S4 and cubic phase

Co9S8) are presented in figure 1. The blue and yellow

spheres indicate Co and S atoms, respectively. The crystal

structures of the cobalt sulphides mentioned above have

been investigated in literatures [17–20]. The space groups

and lattice parameters of the cobalt sulphides are listed in

table 1.

The calculated elastic constants of the cobalt sulphides

mentioned above are listed in table 2. The values of elastic

constants are all positive and satisfy the condition for

mechanical stability. For hexagonal phase CoS, five elastic

constants including C11, C12, C13, C33 and C44 besides C66

are independent, which can be employed to evaluate the

stability status. The mechanical stability conditions, known

as Born’s criteria, can be found in the references [21]. The

calculated elastic constants indicate that the CoS, CoS2,

Co3S4 and Co9S8 phases are theoretically stable. Due to the

symmetry of the crystal structures, the C11 = C22 = C33. For

the cubic phase CoS2, Co3S4 and Co9S8, C12 = C13 = C23

and C44 = C55 = C66.

The elastic constants can be further employed to calculate

the mechanical properties of CoS, CoS2, Co3S4 and Co9S8
phases. Two approximation methods, namely the Voigt’s

and Reuss’s methods, have been widely used to calculate

the bulk modulus (K) and shear modulus (G) [22].

For the cubic phase,

KV ¼ KR ¼ C11 þ 2C12ð Þ
3

GV ¼ 1

5
C11 � C12 þ 3C44ð Þ

GR ¼ 5 C11 � C12ð ÞC44

3 C11 � C12ð Þ þ 4C44

ð1Þ

For the hexagonal phase,

KV ¼ 2 C11 þ C12ð Þ þ 4C13 þ C33½ �=9

KR ¼ C11 þ C12ð ÞC33 � 2C2
13

� �
=

C11 þ C12 þ 2C33 � 4C13ð Þ

GV ¼ 1

30
C11 þ C12 þ 2C33 � 4C13 þ 12C44 þ 12C66ð Þ

GR ¼

5C44C66 C11 þ C12ð ÞC33 � 2C2
13

� �

2 3KVC44C66 þ C11 þ C12ð ÞC33�f 2C2
13

�
C44 þ C66ð Þ

� �

ð2Þ

The calculated results from Voigt’s and Reuss’s methods

denote the upper and lower limits of the bulk modulus. Hill

[23] proved that the arithmetic average value of Voigt’s and

Reuss’s methods is closer to the real value.

K ¼ 1

2
KV þ KRð Þ

G ¼ 1

2
GV þ GRð Þ ð3Þ

Figure 1. Atomic structures of cobalt sulphides: (a) hexagonal
phase CoS; (b) cubic phase CoS2; (c) cubic phase Co3S4; (d) cubic
phase Co9S8.

Table 1. Structural parameters of cobalt sulphides.

Phase Space group Materials Id a/Å b/Å c/Å

CoS P63/mmc mp-1183733 3.347 3.347 5.139

CoS2 Pa 3 mp-2070 5.506 5.506 5.506

Co3S4 Fd 3m mp-943 6.573 6.573 6.573

Co9S8 Fm 3m mp-1513 6.933 6.933 6.933
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The Young’s modulus E and Poisson’s ratio v can be

calculated by the following relationship.

E ¼ 9KG

3K þ G

v ¼ 3K � 2G

2 3K þ Gð Þ ð4Þ

The bulk, shear, Young’s moduli and Poisson’s ratios of

the four types of cobalt sulphides have been calculated as

listed in table 3. Generally, the mechanical properties affect

the electrochemical performance of the cathode materials.

Besides the volume variation, Young’s modulus is also an

important factor that determines the robustness of the

cathode material during the charging/discharging process.

Comparisons of the bulk, shear, Young’s moduli and

Poisson’s ratios of the four types of cobalt sulphides are

presented in figure 2. The cobalt sulphides exhibit different

mechanical properties with the change of the stoichiometric

ratio of Co/S. The high number of Li atoms incorporated

into the cobalt sulphides during lithiation causes large

volume changes. From the point of view of mechanics, the

insertion of Li atoms induces internal stress. High bulk

modulus favours the Li insertion and extraction. From

figure 2, it can be found that the CoS2 phase shows the

lowest value of bulk modulus (*115.81 GPa). As com-

parison, the Co9S8 phase exhibits a relatively high bulk

modulus of 169.78 GPa. Thus, the Co9S8 phase with the

highest value of bulk modulus shows great potential for

application in anode materials.

Based on the discussion mentioned above, Co9S8 phase is

worth further investigation among the four types of cobalt

sulphides. The Co9S8 phase undergoes the electrochemical

reaction in the lithiation/sodiation process and forms alloys

as follows [11,24].

Co9S8 þ 16Liþ Naþð Þ þ 16e�1 ! 9Coþ 8Li2S Na2Sð Þ
3Liþ Naþð Þ þ Coþ 3e�1 ! Li3Co Na3Coð Þ ð5Þ

After full lithiation, a huge volume change *450%

was obtained. This is the reason for the capacity fading

in the cycling. DFT calculation indicates that the Li3Co

(Na3Co) phase is the most stable structure at the lowest

energy state [11]. The atomic models of the Li3Co and

Na3Co phases are shown in figure 3. As presented in

figure 3a, the Li3Co phase possesses a tetragonal crystal

Table 2. Elastic constants (Cij) of CoS, CoS2, Co3S4 and Co9S8.

Elastic constants

(GPa) CoS CoS2 Co3S4 Co9S8

C11 253.08660 221.83662 206.19952 268.93250

C22 253.08660 221.83662 206.19952 268.93250

C33 253.08660 221.83662 206.19952 268.93250

C12 111.50940 62.79150 98.90419 120.20748

C13 118.41484 62.79150 98.90419 120.20748

C23 118.41484 62.79150 98.90419 120.20748

C44 28.95405 74.95395 49.53421 68.15707

C55 28.95405 74.95395 49.53421 68.15707

C66 28.95405 74.95395 49.53421 68.15707

Table 3. Moduli and Poisson’s ratios of the four types of cobalt sulphides.

Phase

Bulk modulus

(GPa)

Shear modulus

(GPa)

Young’s modulus E

(GPa)

Poisson’s ratio

v

CoS KV 161.77 GV 36.40 193.32 0.40

KR 161.74 GR 32.62

K 161.76 G 34.51

CoS2 KV 115.81 GV 76.78 188.59 0.23

KR 115.81 GR 76.72

K 115.81 G 76.75

Co3S4 KV 134.67 GV 51.18 136.18 0.33

KR 134.67 GR 51.10

K 134.67 G 51.14

Co9S8 KV 169.78 GV 70.64 185.96 0.32

KR 169.78 GR 70.51

K 169.78 G 70.58
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structure. The lattice parameters of the Li3Co structure

obtained from the theoretical calculation is consistent

with the results previously reported [11]. The Na3Co

phase shows a cubic crystal structure as shown in

figure 3b.

The elastic constants of Li3Co and Na3Co are shown in

table 4, which can be employed to calculate the bulk

modulus, shear modulus and Poisson’s ratio of cobalt sul-

phides. For the tetragonal phase, the compliance constants

Sij can be expressed as follows [22].

S11 ¼ C11C33 � C2
13

� �
= C C11 � C12ð Þ½ �

S12 ¼ �C12C33 þ C2
13

� �
= C C11 � C12ð Þ½ �

S13 ¼ �C13=C

S33 ¼ C11 þ C12ð Þ=C
C ¼ C33 C11 þ C12ð Þ � 2C2

13

S44 ¼ 1=C44

S66 ¼ 1=C66 ð6Þ

0

20

40

60

80

100

120

140

160

180

200

220

B
ul

k 
m

od
ul

us
 (G

Pa
)

 CoS
 CoS2

 Co3S4

 Co9S8

(a)

0

20

40

60

80

100(b)

Sh
ea

r m
od

ul
us

 (G
Pa

)

 CoS
 CoS2

 Co3S4

 Co9S8

0

20

40

60

80

100

120

140

160

180

200

220(c)

Yo
un

g'
s 

m
od

ul
us

 (G
Pa

)

 CoS
 CoS2

 Co3S4

 Co9S8

0.0

0.1

0.2

0.3

0.4

0.5(d)

Po
is

so
n’

s 
ra

tio
 CoS
 CoS2

 Co3S4

 Co9S8

Figure 2. Bulk modulus, shear modulus, Young’s modulus and Poisson’s ratios of the four types of cobalt sulphides.

(a) Bulk modulus; (b) shear modulus; (c) Young’s modulus; (d) Poisson’s ratio.

Figure 3. Crystal models of Li3Co and Na3Co phases. (a) Tetragonal Li3Co and (b) cubic Na3Co.

  253 Page 4 of 6 Bull. Mater. Sci.          (2022) 45:253 



Then,

KV ¼ 2 C11 þ C12ð Þ þ 4C13 þ C33½ �=9
KR ¼ 1= 2S11 þ 2S12 þ 4S13 þ S33ð Þ

GV ¼ 1

15
2C11 � C12 � 4C13 þ C33 þ 6C44 þ 3C66ð Þ

GR ¼ 15

8S11 � 2S12 � 8S13 þ 4S33 þ 6S44 þ 3S66
ð7Þ

The obtained bulk moduli, shear moduli and Poisson’s

ratios of Li3Co and Na3Co are shown in figure 4. Generally,

the Li3Co and Na3Co phases show much lower bulk mod-

ulus, shear modulus and Young’s modulus than in the case

of Co9S8 phase. It indicates that the lithium/sodiation

induces the degradation of the mechanical properties of

Co9S8 phase. The low bulk modulus means that the Li3Co

and Na3Co phases cannot resist the repeated Li insertion/

extraction during the cycling process. The low mechanical

stability of Li3Co and Na3Co phases further causes the

cracking and pulverization in the electrodes. This is the

reason why the raw Co9S8 phase exhibits poor cycling

performance. The values of bulk modulus and shear mod-

ulus of Li3Co are higher than that of Na3Co. The experi-

mental results indicated that Co9S8 material delivered

higher discharge capacity and better cycling performance in

the Li-storage than in the case of Na-storage. From this

viewpoint, carbon coating technology can improve the

electrochemical properties of Co9S8 by enhancing its

mechanical stability.

4. Conclusion

In summary, the bulk moduli, shear moduli, Young’s

moduli and Poisson’s ratios of the four types of cobalt

sulphides have been calculated. Among them, the Co9S8
phase exhibits a relatively high bulk modulus of 169.78

GPa, showing great potential as anode materials for Li and

Na storage. After lithiation/sodiation process, Li-Co alloys

including Li3Co and Na3Co phases have been formed. The

mechanical properties of the Li3Co and Na3Co phases have

also been calculated. The low bulk modulus indicates that

the Li3Co and Na3Co phases cannot resist the repeated Li

insertion/extraction during the cycling process. As com-

parison, the Li3Co phase shows better mechanical proper-

ties than the Na3Co phase.
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