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First principles study

Developing highly efficient anchoring materials with strong adsorption to lithium polysulfides to suppress
‘shuttling effect’ is crucial to address the short cycling life issue of lithium sulfur batteries. Herein, we system-
atically investigated transition metal, nitrogen co-doped graphene as host materials for sulfur cathode via first-
principles study. The computation results reveal that TMy-N—C materials have higher adsorption energy to
lithium polysulfides than TM-N—C materials. Feo—~N—C is one of the most promising anchoring materials, where

robust Fe-S and N-Li bonds ensure the stable adsorption of all LiPSs.

1. Introduction

Currently, lithium-ion batteries (LiBs) play a dominant role in energy
storage devices because of their advantages of high energy density, long
cycling life and good reliability [1,2]. The development of new tech-
nology for energy storage is highly desired to meet the requirements of
emerging applications such as electrical vehicle (EVs) [3,4]. Lithium-
sulfur batteries (LiSBs) are considered as one of the next generation
energy storage devices because their advantage in energy density is over
the state-of-the-art commercial LiBs [5-8]. In addition, the abundance of
sulfur, environmental friendliness and the low cost make LiSBs more
attractive for industrial application [9-11]. However, some issues,
including the limited utilization of sulfur, the large volume variation
during cycling, and the shuttling effect need to be addressed for the
commercialization of LiSBs [11-15].

Considerable efforts have been dedicated to tackle the afore-
mentioned challenges. Inspiringly, Ji et al. developed a highly-ordered
porous carbon material as sulfur host to immobilize the high order
lithium polysulfides (LiPSs) (Li2Sy, n = 4, 6, 8) [16]. Since then, using
porous carbon as anchoring materials for sulfur has become one of the
most popular strategies to physically enclose LiPSs [17,18]. Graphene
nanosheet has been regarded as promising sulfur host in LiSBs for its
excellent electrical/thermal conductivity and great flexibility [18-20].
However, the physical interaction between nonpolar graphene and polar
LiPSs is too weak to hinder the shuttling effect. To overcome this

obstacle, heteroatoms with stronger electronegativity were introduced
to carbon materials to promote their capability to block LiPSs. Several
heteroatom doped carbon materials revealed enhanced electrochemical
performance when employed as sulfur hosts [21-27]. Particularly, N
atom is the most extensively utilized dopant for carbon based sulfur
anchoring materials for LiSBs [22,24,26,27]. For instance, Qiu et al.
reported that pyrrolic and pyridinic N-doped graphene show stronger
combination with LiPSs through covalent bonds than pristine graphene
[22]. Three-dimensional (3D) structure can alleviate volume variation
during charge/discharge cycling, which is favorable for sulfur entrap-
ment. Chao et al. synthesized porous 3D nitrogen-doped graphene to
wrap sulfur [28]. The loading of sulfur reached to 87.6 wt%, and the
LiSBs exhibited exceptional good rate capability and stability.
Benefitting from their special electrocatalytic properties, incorpo-
rating TM into sulfur host materials in LiSBs possesses a lot of advan-
tages [29-33]. TM and heteroatoms, especially nitrogen atom co-doped
graphene based materials (TM-N—C) as multifunctional sulfur
anchoring materials for LiSBs have been broadly explored both theo-
retically and experimentally with promising prospect [29,30,32-34].
Most of the studied TM-N—C materials are single transition metal atom
doping. For example, Zeng et al. showed that Fe, N co-doped graphene
has strong interaction with Li,S;, which prevents the dissolution and
diffusion of LisS, (n = 4, 6, 8). The adsorption strength can be further
adjusted by varying the concentration of doping atoms [30]. Besides
increasing the adsorption of Li,S,, (n = 4, 6, 8), the conversion of soluble

* Corresponding authors at: Department of Energy and Petroleum Engineering, University of Stavanger, 4036 Stavanger, Norway (Zhixin Yu). Beyonder AS,

Stokkamyrveien 30, 4313, Sandnes, Norway (Fengliu Lou).
E-mail addresses: fengliu@beyonder.no (F. Lou), zhixin.yu@uis.no (Z. Yu).

https://doi.org/10.1016/j.cplett.2022.140118

Received 22 June 2022; Received in revised form 13 September 2022; Accepted 5 October 2022

Available online 10 October 2022

0009-2614/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:fengliu@beyonder.no
mailto:zhixin.yu@uis.no
www.sciencedirect.com/science/journal/00092614
https://www.elsevier.com/locate/cplett
https://doi.org/10.1016/j.cplett.2022.140118
https://doi.org/10.1016/j.cplett.2022.140118
https://doi.org/10.1016/j.cplett.2022.140118
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2022.140118&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Zhang et al.

O, o5 O

Chemical Physics Letters 808 (2022) 140118

‘ "

O O O

Fig. 1. The optimized structures of isolated cyclo-Sg and Li,S, (n = 8, 6, 4, 2, and 1).

high order LiPSs to insoluble LisS, (n = 1, 2) is another effective
approach to ease shuttling effect [31,35-37]. For instance, He et al.
revealed that Cr doped C¢Ny monolayer could effectively accelerate the
conversion of LiPSs and anchor lithium polysulfide during discharging
while decrease the decomposition energy barrier of Li»S during charging
[38]. In addition to simulation, the advantage of TM-N—C materials in
LiSBs has also been verified experimentally. Kim et al. reported a local
coordination structure modification of Fe-N4 moieties via morpholog-
ical engineering of graphene support. Fe-N—C catalysts showed decent
performance at high C-rates with promising cycling stability, resulting
from the synergistic combination of atomic-level modified Fe-N4 active
sites and graphene support [39].

Combining TM catalysts with 3D porous structure as sulfur host
materials can demonstrate even better electrochemical performance in
LiSBs. A 3D hierarchical porous graphene embedded with evenly
distributed a-FepO3 nano-particles can chemically promote the trans-
formation of soluble LiPSs to insoluble low order insoluble LiPSs species
[37]. Furthermore, rapid catalytic oxidation of Li»S/LisS; back to S is
also a useful mean to facilitate the utilization of sulfur [14,29,32-34].
For example, He et al. reported that TM@CyN monolayers can decrease
the decomposition energy of LiS, and Co@CyN shows the largest
adsorption energies of LiPSs and the lowest decomposition energy of
LipS [14]. Zhang et al. demonstrated that Fe-N4 and Cr-N4 co-doped
graphene shows strong adsorption of all Li,S, species and reduced
decomposition energy of LisS/LisSs, contributing to improved electro-
chemical performance of LiSBs [32]. Recently, a pair of iron atoms co-
ordinated to nitrogen in the CyN pores has been synthesized with
significant enhancement in rate capability and cycling stability. The
decomposition energy of Li>S decreased greatly in CoN/Fe system, thus
enhancing the utilization of sulfur and resulting in good cycling stability
with a deterioration rate of 0.013 % per cycle [33]. Therefore, TM, ni-
trogen co-doped graphene with either single metal atom or metal atoms
pair doping as sulfur host materials are very promising in LiSBs, and
more systematic research is desirable.

Herein, three earth-abundant metals (Fe, Co and Ni) were anchored
into nitrogen doped graphene as single and diatomic doped materials
Fe-N—C, Co-N—C, Ni-N—C, Fey-N—C, Fe/Co-N—C, Fe/Ni-N—¢C,
Coz-N—C, Co/Ni-N—C, Ni,-N—C, which were investigated as potential
sulfur host materials by performing first principles computations. To
evaluate the performance of TM-N—C as sulfur host materials, their
adsorption strength of LisS, (n = 1, 2, 4, 6, 8) species, electrical con-
ductivity and the catalytic oxidation capabilities of Li>S were studied.
Our results revealed that all diatomic systems show stronger interaction
with LisS, species compared with single metal atom doped materials.
Particularly for Fe,—-N—C, it not only shows strong adsorption of LiPSs
species, but also demonstrates the lowest decomposition energy of LisS.
The electrical conductivity of diatomic systems is also well-maintained,
demonstrating great potential as sulfur host for LiSBs.

Table 1

The average bond length (d) of isolated Li,S, species and cyclo-Sg, with unit A.
LiPSs Li,S LisS, LisS4 Li»Se Li,Sg cyclo-Sg
dg 1 2.09 2.22 2.39 2.82 4.27 -
dg g - 2.19 2.11 2.04 2.09 2.06

2. Computational method

The Vienna ab initio simulation package code (VASP) with Project-
Augmented Wave (PAW) pseudopotential was used to carry out spin
polarized calculations [40,41]. The Perdew-Burke-Ernzerhof (PBE)
approach within Generalized Gradient Approximation (GGA) were
implemented to treat the exchange—correlation function of the inter-
acting electrons [42,43]. A plane wave cutoff of 500 eV was applied for
the kinetic energy calculation. 4 x 4 x 1 and 8 x 8 x 1 Monkhorst-Pack
k-point mesh was conducted for structural relaxation and electronic
calculations [44]. A 20 A vacuum space along the z direction was
inserted to eliminate the interactions of the adjacent periodic images. All
structural optimizations were performed under the convergence crite-
rion that energy and force were set to 1.0 x 107> and 0.01 eV/A,
respectively. The adsorption energies E,q of LiPSs (cyclo-Sg) molecule
and TM-N—C were defined by the following formula:

Ewi = Egp + Enote — Evor (@)

where E is the total energy of TM-N—C with adsorbed LiPSs or
cyclo-Sg, Egyp is the energy of TM-N—C, while Ep,e is the energy of
isolated LiPSs or cyclo-Sg molecule. According to this definition, a
positive value indicates an energetically favorable reaction.

The decomposition energy (AE) can be calculated by the equation
below [14]:

AE = FEintacr — Edcz‘omposirinn (2)

where Ejpact and Egecomposition T€present the total energy of LipS and Li +
LiS adsorbed TM-N—C, respectively.

3. Results and discussion
3.1. Structures of Li,S, species and TM-N—C

In the discharge process of LiSBs, the Li»S, (n = 1, 2, 4, 6, 8) species
are formed by incorporating additional Li cations, and the final product
is LisS. The optimized structures of LisS, (n = 1, 2, 4, 6, 8) and the most
stable allotrope of S atoms, orthorhombic a-Sg species are shown in
Fig. 1. All LiPSs species are in a 3D shape, which is well in line with
previous studies [29,31], indicating the reliability of our calculations.
The bond length of Li-S (di;.s) and S—S (ds_g) are listed in Table 1 for
both isolated LiPSs and cyclo-Sg. The average dy s of low-order Li,S, (n
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Fig. 2. The optimized structures of TM-N—C, TM = (a) Fe, (b) Co, (c) Ni, (d) Fe-Fe, (e) Co-Co, (f) Ni-Ni, (g) Fe-Co, (h) Fe-Ni, (i) Co-Ni.

Sg Li,S Li,S, Li,S, Li,S¢ Li,Sq
g %0 o ‘:;;’ 2:;00 c;b:
e ,
Co-N-C = = - .

£
8258 o4 & d

Bt , A2 p 8 G
Co-Ni-N—-C - & iz b - S«
20
Pkl ® o Lo oo oS
Fe-N-C & ; <> - o
Q O}? ff ?
&% S oo 3@
A Ol
N &%
P ) oo q(;?
B do [ 3
Fe-Fe-N-C cooemes S P b S © SR S
> N og 7%
o® P Q 3
Fe—Ni-N—-C st % 44 X ‘ﬁ -
D
Foc™d & d% 0:)@0 ) P (%i)
Ni-N-C oo
3608 8p 3 73
e g0 3 & oo 154
Ni—Ni—N—C Le. e S

Fig. 3. The optimized structures of (a) Sg, (b) Li,S, (c) Li»Ss, (d) LisSs4, (e) LisSe, (f) LioSg adsorbed on TM-N—C.

=1, 2) species (2.16 A)is significantly shorter than that of high-order slightly larger than that of LizSg but shorter than that in LizS4, Generally,
LisSy (n = 4, 6, 8) species (3.16 A), while dg_g slightly decrease with a longer bond implies a weaker chemical binding for the same type of
the increase of S atoms (n = 1, 2, 4, 6). However, the ds_g in LisSg is bond. Therefore, the high-order Li,S, species will be more easily
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Table 2
The adsorption energies E,q (€V) and the average bond length d (A) of LisS,
species and cyclo-Sg after adsorption on Fe-N—C.

LiPSs LisS LisSs LisSs LisSe LiySg cyclo-Sg

Eaq 1.94 1.63 0.68 0.63 1.02 1.03

drpe_s 2.29 2.25 3.47 3.51 2.67 2.07

dus 2.18 2.34 2.41 2.37 2.42 -

ds_s - 2.14 2.07 2.07 2.08 2.15
Table 3

The adsorption energies E,q (eV) and the average bond length d (A) of LiS,
species and cyclo-Sg after adsorption on Fe,-N—C.

LiPSs Li,S LisSs LisSs LisSe Li»Sg cyclo-Sg

Ead 2.22 1.93 1.54 1.42 1.43 1.25

d pes 2.28 2.78 2.43 2.43 2.43 2.21

diis 2.17 2.48 2.44 2.44 2.46 -

ds s - 2.14 2.10 2.11 2.11 2.15
Table 4

The adsorption energies E,q4 (€V) and the average bond length d (A) of LisS,
species and cyclo-Sg after adsorption on Fe-Ni-N—C.

LiPSs LisS Li»Sy LizS4 LisSe Li»Sg cyclo-Sg
Eaq 1.93 1.82 1.54 1.51 1.52 1.11
dres 2.40 2.62 2.29 2.26 2.25 2.03
dnis - 4.31 3.53 3.45 3.36 4.04
diis 2.14 2.38 2.40 2.38 2.54 -

ds_s - 2.13 2.06 2.10 2.04 2.07

dissolved into lithium cations and polysulfide anions than low-order
LisS;, species in the electrolyte of LiSBs.

Single TM atoms coordinating with four N atoms and TM atoms pair
binding to six N atoms have been demonstrated with good stability
[29,33], thus we only considered two defects by removing one and two C
atoms from the graphene structure and then anchoring the TM atoms
into vacancy ina 2 x 2 x 1 supercell. As shown in Fig. 2, all atoms of the
TM-N—C structure are in the same plane after structure optimization.
For the TM-N—C strucutre, the central TM atom is surrounded by four
equivalent TM-N bonds. The bond lengths of TM-N (drm-n) are
1.89,1.87 and 1.87 A for Fe, Co and Ni-N—C (Table S1), respectively,
which are consistent with previous studies [29,30]. For the TMo-N—C,
two metal atoms are anchored into the vacancy and each metal atom is
surrounded by three TM-N bonds. It can be found that there is no
obvious difference in bond length of the same TM-N among different
structures. For instance, dpe_n of Fe-N—C (1.89 f\) is quite close to dge_n
of Fe/Co-N—C (1.91 A), Fe,-N—C (1.91 A) and Fe/Ni-N—C (1.91 A),
which demonstrates that dual-metal atoms anchored graphene can also
have excellent stability as the single metal atom doped graphene.

3.2. Adsorption of LizS, and cyclo-Sg species on TM-N—C

Generally, the pristine graphene is not an ideal sulfur anchoring
material for LiPSs because the van der Waals interactions between
graphene and LiPSs are not strong enough to stabilize the adsorbed LiPSs
species [19,45]. TM atoms are considered as the only active sites to
adsorb LiPSs since TM atoms can improve the interaction between the
graphene support and LiPSs species. After geometry optimization, the
most stable configurations of LiPSs species and cyclo-Sg adsorbed on
TM-N—C are presented in Fig. 3. The key parameters such as average
dii_s, ds_s, dii_n, and dy_g of Fe-N—C, Feo-N—C and Fe/Ni-N—C are
summarized in Table 2, Table 3 and Table 4. For example, the cyclo-Sg
adsorbed on the surface of Fe-N—C has the shortest distance (2.07 10\)
between S and Fe atom (Table 2), which is close to the covalent ionic
radius, indicating the formation of Fe-S bond. Meanwhile, some extent
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Fig. 4. The adsorption energy profile of cyclo-Sg and Li,S, (n = 1, 2, 4, 6, 8)
species after adsorption on TM-N—C (TM = Fe, Co, Ni) surface.

of structural distortion of adsorbed cyclo-Sg can be evidenced via ds_g
stretching from 2.06 A of the isolated cyclo-Sg to 2.15 A (Tables 1 and
2). These results indicate that LiPSs species could be activated by TM
atom. For single TM-N—C, one sulfur atom binds with the metal atom,
while one or two lithium atoms bind with nitrogen atoms in low order
LisS;, forming a chemical ring configuration. However, these binding
ring structures become distorted after incorporating TM atoms pair,
especially in Fe/Ni-N—C, which can be attributed to the different
electronegativity of the heterogenous atom pair. For high order LiS, (n
= 4, 6, 8), single TM-N—C shows similar adsorption structures to these
isolated species. However, these species can obviously be activated by
Feo-N—C and Fe/Ni-N—C, as evidenced by the distorted configuration
of the species. In addition, TM-N—C as support can well maintain their
structures, and the LisS, and Sg species adjust themselves for the most
stable adsorption, implying the metal embedded graphene with excel-
lent stability.

To further investigate the ability of TM-N—C to alleviate the shut-
tling effect, adsorption energies of all Li»S, and Sg species on TM-N—C
systems were calculated (Fig. 4 and Table S2). For instance, the
adsorption energy of Sg molecule on dual atoms system such as Fe/
Co-N—C, Feo,-N—C and Co/Ni-N—C are 1.29, 1.25, 1.17 eV. The
adsorption energy of Sg molecule on single atom system including
Fe-N—C, Co-N—C, Ni-N—C are only 1.03, 0.89 and 0.77 eV, respec-
tively, which is much less than dual TM-N—C. All adsorption energy of
TM-N—C increases significantly after incorporating the second TM
atoms. Besides, robust chemical rings with large adsorption energies
make the adsorption configuration more stable, resulting in a high af-
finity for low order Li»S;, (n = 1, 2). Notably, the adsorption energies of
high-order LiyS, species on Fe;-N—C and Fe/Ni-N—C are clearly larger
than that of others, which means that the high-order LisS,;, species prefer
to adsorb on Feo-N—C and Fe/Ni-N—C. For example, the adsorption
energy of Fe/Ni-N—C to LisSg and LisSg is 1.51, 1.52 eV, which is the
largest among nine different TM-N—C. The large adsorption energy to
LiPSs indicates that Feo,-N—C and Fe/Ni-N—C, as the best candidates
among the considered anchoring materials, can most effectively adsorb
LisSy (n = 4, 6, 8) molecules to suppress the shuttling effect. Particularly,
after LisS and LiySs adsorption on Feo—N—C, the Li-S bond length pro-
longs more significantly compared with the isolated state (Tables 1 and
3). The average d;_g after absorption increase from 2.09 A t02.17 A for
LisS, and 2.22 A to 2.48 A for LisSy, respectively. The extension of the
Li-S bond makes it easier to break, which is beneficial for the detach-
ment of lithium ion. In addition to Fe-based TM-N—C, Coo—N—C is also
promising for shuttling effect alleviation with 2.25, 2.40, 1.49 eV
adsorption energy to LisS, LisSp, LinSy4, respectively. However, the
adsorption energy of Coo—N—C to Li»Sg and LisSg is not as large as Fe-
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based TM-N—C. Subsequently, we focus on Fey-N—C for further
detailed studies on the mechanism of Li,S decomposition.

3.3. Electronic properties of Fe based TM-N—C

The electronic properties of graphene could be tuned by introducing
external atoms [18]. Considering good adsorption of Fe;-N—C and Fe/
Ni-N—C to LiPSs, their electronic structures were studied by the pro-
jected density of states (PDOS). To compare, electronic structures of
single atom Fe-N—C was also studied as illustrated in Fig. 5. Obviously,
the d-state of metal atoms and p states of C/N atoms have remarkable
interaction in both conduction and valence band. The PDOSs of Fe-N—C
exhibit asymmetry in spin up and down for each element, indicating the
magnetic properties. Furthermore, the magnetism mainly originates
from its relatively localized d-orbital electrons of TM atoms both in
conduction and valence band. Notably, there are more electron states
near and even across the Fermi energy in Fe;-N—C and Fe/Ni-N—C
than Fe-N—C (Fig. 5), showcasing the activity of 3d-electrons. The
introduced TM atoms contributed to the more localized electrons both in
valence and conduction band, promoting electrons mobility. Therefore,
the electrical conductivity of Fe-N—C is noticeably improved, which is
beneficial for the performance of LiSBs. d band centre has been widely

used to indicate the adsorption strength of intermediates on catalysts
[46,47]. The d band centres of Fe-N—C, Feo-N—C and Fe/Ni-N—C are
—1.24, —1.00 and -1.51 eV. Obviously, Feo-N—C show the highest
energy that is close to Fermi level, indicating stable adsorption. It also
suggests that Fe;-N—C can be an effective anchoring material for Li»Sy
species.

The electronic structures including PDOS and charge density differ-
ence can be also investigated to estimate the adsorption of LisS;, species
on Fe based TM-N—C. It can be found that the Fe-d and S-p states of
LisS;, and Sg species demonstrate obvious interactions both in conduc-
tion band and valence band (Figs. 6-8). Noticeably, Feo-N—C with dual
Fe atoms exhibits more overlap of electron states. These results suggest
that incorporating dual Fe atoms into graphene could obviously improve
the interaction between LiyS; species and host materials. Considering
Feo-N—C is one of the most effective anchoring materials for LisS,
species and the low price compared to other metal, the charge density
difference of Li»S, and Sg species adsorbed on Fe;-N—C was further
studied. The charge density difference indicates that there are many
electrons locating on the Fe-S (Fig. 9). Fe atoms act as electron donor
while S atoms are electron acceptor. Therefore, the LisS;, and Sg species
are activated by the Fe,-N—C.
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3.4. Electrocatalytic performance of TM-N—C for LisS,, species

The decomposition of the deep discharge products Li>S on anchoring
materials is a critical factor for energy density, sufur utilization, and
cycling performance of LiSBs. An LiyS molecule breaking into a LiS
cluster and a single Li ion (LiS — LiS + Li* + e) was considered as the
decomposition process. The decomposition energy (AE) on nine
different TM-N—C were shown in Fig. 10. It is obvious that Fe,-N—C
has the smallest decomposition energy of 0.63 eV, which is also much
lower than that of pristine graphene (2.06 eV). Low decomposition en-
ergy of LisS is expected to increase the utilization of active materials. In

brief, Fe,-N—C can be a promising support for catalyzing low order
LiPSs in the charging process of LiSBs.

Therefore, the anchoring material Fe;-N—C can not only effectively
adsorb the high order LiPSs to suppress the shuttling effect, but also
drastically improve the electronic conductivity and decrease the
decomposition energy of LisS. It could consequently achieve multiple
targets and address several challenges of LiSBs.

4. Conclusions

Based on first-principles study, we systematically investigated the
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Fig. 9. The differential charge density distribution for LiPSs species adsorbed on Fe;—-N—C. The electron accumulation (depletion) region is shown in yellow (cyan).
The value of the isosurface is set to 0.01 e Bohr-3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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TM-N—C (TM = Fe, Co, and Ni) as multi-functional anchoring materials
to hinder the shuttling effect of LiPSs in LiSBs. Our calculations reveal
that introducing second TM atom (TM-N—C) could not only dramati-
cally improve the adsorption strength of LisS;, species and cyclo-Sg, but
also enhance the electronic conductivity, which is mainly attributed to
the strong chemical bonds of TM-S and N-Li. Fe,-N—C is the best
anchoring material among the nine investigated TM-N—C, because it
has good adsorption to all LiPSs species, improved electric conductivity
and the lowest decomposition energy for LisS. Our findings enrich the
fundamental understanding of the mechanism of TM-N—C as

multifunctional sulfur anchoring materials on micro-level and shed light
on the design of high performance LiSBs.
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