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ABSTRACT

Lithium-sulfur (Li-S) batteries are widely considered to be one of the most promising next-generation energy-
storage systems due to its high theoretical energy density. But there are still some problems, including of the
shuttling of lithium polysulfides (LiPSs; Li,S, n=2, 4, 6 or 8) and sluggish decomposition of solid Li S, seriously
hinder its practical application. Since Co N has showed its capability to alleviate shuttle effect and accelerate
electrode reactions kinetics on S cathode, which can effectively improve Li-S batteries performance. We theoretically
investigated the adsorption properties and conversion mechanisms of the LiPSs species on the Co N(111) surface
by the first-principle density functional theory (DFT) calculations. Both the electronic structures of LiPSs and
the chemical and physical properties of Co N were studied. The fiee energy pathway of Li,S decomposition on
the considered surface was modeled by a suggested stepwise cathodic delithium reaction mechanism. A series of
transition state structures were obtained and low barrier energies were found, indicating that Co N could be a
good candidate for the research of lithium-sulfur batteries.

Introduction

To meet the growing demand for increased driving range in electric
vehicles, more and more attention has been focused on lithium-
sulfur (Li-S) batteries, whose theoretical energy density (2600
Wh-kg?) [1] is much higher than traditional lithium ion batteries
(about 400 Wh-kg™) [2]. However, there still exist some obstacles
in its commercial application: the shuttle effect caused by lithium
polysulfides (LiPSs), the large decomposition energy of Li,S, the
poor cycle life arising from the insulating property of S and Li,S, low
utilization of cathodic active components, passivation of the lithium
electrode [3,4], poor rate capability [S] and severe volume change
during cycling [6]. In order to tackle the aforementioned concerns,
a series of carbon-based materials and metal-based materials use
sulfur as host material to confine LiPSs by physical or chemical
interaction. Carbon-based materials include porous carbon [7-9],
hollow carbon [10-12], wood-derived carbon [13], carbon nanofiber
and carbon nanotube [14]. Metal-based materials are MXene [5] and
transition metal oxides/nitrides/sulfides [15-19]. It was also useful

to place separators that can adsorb LiPSs between the electrodes,
such as Co,N-Celgard separator [20], LiPS/N-CDs clotting layer [6]
and p-Fe,O,-NSs-based separator [21]. In addition to experimental
tests, theoretical first-principle density functional theory (DFT)
calculations were also carried out to gain an in-depth understanding
for the adsorption process of LiPSs, Li,S decomposition and Li
diffusion on different substrates. Calculations show that 1.21 eV is
the barrier energy for Li,S—LiS + S on Co-N, (a single Co atom
bonded to four pyridinic N) [22], 0.32 eV is the activation barrier
energy for Li,S,—Li,S + S, on 1T-MoS2-18 [23], 1.19 eV is the
barrier energy for Li,S decomposition on V,NS, [24] and Fe/N
doped carbon has 0.035 eV as the barrier energy for Li ion diffusion
due to the pyridinic nitrogen [25]. Among these materials, Co,N
exhibited its capability to alleviate LiPSs shuttling and accelerate
the conversion of multiple redox during cycling. However, the
conversion mechanism with Li,S as the initial reactant on the surface
of Co,N has not been reported. Thus, we theoretically investigated
the adsorption process, reaction mechanism of the conversion of
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multiple sulfur species, Li,S decomposition, S atom diffusion on the
surface of Co,N by first-principle DFT calculations.

Results and Discussions

Adsorption

Since the DFT calculations are very time consuming, a relative
lower cost DFT tight-binding (DFTB) method was employed for
pre-DFT calculations. This reduce the number of iterative steps
in the subsequent DFT calculations. DFTB+ program was used
for rough geometry optimization with convergence criterion of
1x107% eV for energy [26]. First-principle DFT calculations were
carried out by the Vienna ab initio simulation package (VASP)
[27,28]. The projector augmented wave potentials (PAW)
[29] and the generalized gradient approximation (GGA) with
Perdew—Burke—Ernzerhof functional (PBE) [30] were employed
in DFT calculations. After the convergence test of energy cutoff
parameters, the plane wave basis set with cutoff energy of
600 eV was used. The convergence criterion of 1x107® ¢V and
2x1072 eV/A for energy and force were used during geometric
optimizations. A vacuum space of 12 A was constructed in the

periodic images. The Brillouin zones were sampled with 2 X 2 x 1
Gamma-—center meshes.

The adsorption substrate was constructed by a four layers model.
As illustrated in Figure 1a, the Co and N atom layers were placed
in a sequence of Co-N-Co-N. The Co is placed in the outmost layer
since the interaction with sulfur atom is stronger than the nitrogen
atom. The adsorbates (sulfur, lithium sulfide and LiPSs) and their
adsorption configurations on Co,N(111) surface were showed in
Figure 1b and Ic, respectively. Some of the initial structures were
taken from the work by Wang [5], the others (Li,S, and Li,S)
were gained by the global searching results using ABCluster [31].
All geometry structures were optimized by DFT calculations and
no imaginary vibration frequencies were found, indicating all
molecules are in stable conformations.

The anchoring effect for above adsorbates of Co,N(111) surface
was evaluated by calculating the adsorption energies (E )
according to the following equation,

slab model of Co,N(111) surface to avoid the interactions between E =E  +E. .. -E, . (1)
(a) —— Co(1) (b) o O g
— N() o o0
— Co(2)

Li,S Li,S,

s
Co,NS;

Figure 1: (a) Side and top view of Co,N(111) surface; (b) Diagrams of Li,S, Li,Sn and S_structures; (c) Adsorption configurations of Li,S, Li,Sn and

S, on Co N(111) surface.
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where E_ v and E, , . are the total electronic energies of
Co,N(111) without/with above adsorbates, respectively. £, is

the total electronic energy of each adsorbate itself.

dsorbate

Our calculated results showed that Co,N(111) surface had
considerable affinity for all of these lithium sulfur species with
adsorption energies ranging from 5.344 eV to 20.144 eV during the
whole delithiation process (Figure 2a), indicating that Co,N can
not only effectively suppress the dissolution and shuttling process
of LiPSs but also accelerate the Li,S multiple delithiation process.
Anyway, due to the strong adsorption strength, most of the S-S
bond in adsorbates were broken and then S atoms dispersed to the
surface of Co,N(111), while the Li atoms are still bonded with S
atoms.

The calculated total density of states (DOS) show that Co,N still
retain metallic conductivity after adsorption (Figure 2b), which
can improve the low utilization of cathodic active components.
The calculated charge density difference showed that electron-
rich regions (yellow) generally appear between S and Co after
adsorption, indicating the formation of new polar S-Co bonds
(Figure 2c). This also revealed that the adsorption energies after
delithiation were increased except for S, and the high adsorptive
strength of Co,N can be attributed to the chemical interaction with
adsorbates. Meanwhile, Li-S bonds in adsorbates were weaken in
the electron-deficient regions (blue) which appeared between Li
and S. It might be beneficial to the departure of Li.

Reaction Path

In order to find the minimum energy path of the conversion of
multiple delithiation on the surface of Co,N(111), the climbing-
image nudged elastic band (CI-NEB) method [32] was employed
with an IDPP path as the initial path [33]. VASPKIT 1.3.5 [34]
software was used to calculate Gibbs free energy correction for the
molecules adsorbed on the substrate.

For Gibbs free energy calculations, we made use of the following
reaction sequence to illustrate the delithiation process: Li,S—Li,
S,—Li,S,—Li,S—Li,S,—S,. The specific calculations of barrier
energies with four sub-steps were expressed as follows:

Gy st - Goniy - 2Gos ()
G*Lizgﬁ - Guyys, —2G%g 3)
G st~ Goris, - 2Ges (4)
G, iy5,5 = Oorigs, - 2Gss (5)
where G, , . i and G, . were the Gibbs free energies of

the transition state and ground state of Co,N(111) together with
adsorbates, respectively. G, (-6.887 eV) was the average Gibbs
free energy of single S atom adsorbed on the same substrate in
three configurations as illustrated in Figure 3a.

As illustrated in Figure 3b, the delithiation step of transforming
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Figure 2: (a) Adsorption energies of Li,S, Li,Sn and S, on Co N(111); (b) Total density of states before and after adsorptions; (c) Charge density

difference of Li,S, Li,Sn and S, on Co,N(111).
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Figure 3: (a) Side and top views of three adsorption configurations of single S atom and it’s Gibbs free energies; (b) The energy profiles for the

delithiation of Li,S and LiPSs on Co,N(111); (c)~(f) The energy profiles of Li,S—Li,S

Li,S to Li,S, is a spontaneous exothermic reaction on the substrate,
whereas the step of transforming Li, S, to S, is endothermic.
From Li,S to Li,S,, all free energy changes of adjacent species
are negative. The smallest free energy change occurs in the
Li,S—Li,S, step with a value of -6.554eV, and the largest free
energy change happens in the Li,S,—Li,S, step with a value of
-13.497 eV. However, free energy change becomes positive in the

final Li,S,—S step.

Since the thermodynamic results do not reflect the degree of
difficulties of each reaction steps, we calculated the kinetic data
by the help of transition state theory. As shown in Figure 3c-3f,
four transition states were obtained by using the CI-NEB method,
and the free energy differences between transition states (TS) and
initial states (IS) are evaluated as activation free energy barriers.
The final state (FS) is the initial state of the subsequent step. The
lowest free energy barrier was found in the Li,S—Li,S, step with
a value of 0.390 eV. The rate-limiting step has the largest free
energy barrier which take place in the Li,S,—Li,S, step exhibited

Li,S,—~Li,S

209

Li,S,—Li,S, and Li,S,—Li,S

,S,, respectively.

272

an energy barrier of 1.794 eV, since this step require the breaking
of Li-S bond. The other steps exhibited relatively small barrier
energies in a range of 0.390 eV to 1.498 eV. S diffusion and Li,S
decomposition on the same surface which may infect the reaction
kinetics were also taken into considered.

As shown in Figure 4a, the decomposition barrier of Li,S adsorbed
on Co,N(111) was decreased from 3.390 eV to 0.226 eV, which
was also small compared to other substrates such as Co,, [22]
cluster and Co-N co-doped carbons [35]. The small barrier energy
of Li,S decomposition reflects that the moving of Li atom on the
substrate would not be difficult. For S atom diffusion on the same
substrate, the energy barrier is 0.293 eV as can be seen in Figure
4b. It was small enough compared to the barrier energy of sulfur
species conversion, indicating that it would not be the obstacle of
Li,S delithiation. The detailed diffusion pathway of the S atom was
demonstrated in Figure 4c. The initial state of S atom was place
in the top position of nitrogen atom, and the final state was moved
to the hole with Co surrounding. The diffusion path is obviously
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Figure 4: The energy profiles of (a) the decomposition of Li,S and (b) S diffusion on Co,N(111); (c) side and top views of S diffusion on Co,N(111).

not straight line, since the top position of the Co atom has high
potential energy to avoid the confliction of Co and S atom. The
transition state is closer to the initial state since the final state
has large energy difference while initial state has small energy
difference.

Conclusions

We theoretically investigated the adsorption and conversion
mechanisms of the lithium-sulfur species on the surface of
Co,N(111) by the first-principle density functional theory (DFT)
calculations. The chemical affinity for LiPSs and electro-catalytic
ability of Co, N were proved by the calculated large adsorption
energy ranging from 5.344 eV to 20.144 eV and the extremely
decreased barrier energy of Li,S decomposition process. In
addition, we also studied the free energy pathway of stepwise
cathodic delithium reactions and S atom diffusion on the considered
surface. A series of transition state structures and barrier energies
in the range of 0.293 eV t01.794 eV were obtained.

In summary, Co,N can accelerate the delithiation reaction after
adsorbing sulfur species. Notably, the rate-determining step of
Li,S stepwise delithiation is the Li,S,—Li S, step which has the
barrier energy of 1.794 eV due to the breaking of Li-S bond.
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