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ABSTRACT: Lithium—sulfur (Li—S) batteries are strongly consid-
ered for next-generation energy storage devices. However, severe
issues such as the shuttle of polysulfides restrict their practical
applications. Exploring the design principle of anchoring poly-
sulfides physically and chemically through the polar substrate is
therefore highly necessary. In this Letter, first-row transition-metal
sulfides (TMSs) are selected as the model system to obtain a general
principle for the rational design of a sulfur cathode. The strong S-
binding that is induced by charge transfer between transition-metal
atoms in TMS slabs and S atoms in Li,S is confirmed to be of great
significance in TMS composite cathodes. An analogous periodic law
is proposed, which is also extended to first-row TM oxides. VS has
the strongest anchoring effects on Li,S immobilization and a
relatively low lithium ion diffusion barrier. The binding energies and Li diffusion properties are considered as the key
descriptors for the rational design of sulfur cathodes.

he robust and facile use of sustainable energy sources is Over the past years, tremendous efforts have been devoted to
one of the most critical elements of modern society to these challenging issues. In particular, the incorporation of
meet growing energy demands. Energy storage devices sulfur into conductive porous materials (such as porous
with high energy densities are therefore essential. Lithium— carbon,?° carbon spheres,”* carbon nanotubes,?” graphene,* =2’
sulfur (Li—S) batteries are strongly considered as one of the graphene oxides,?®?° and their hybrids®®=*%) can well
potential candidates for next-generation energy storage because ameliorate the issues of low electrical conductivity and volume
of their extremely high energy density (2600 Wh kg™*) and are change to a large extent. However, there is still a lack of efficient
attracting growing interests.” Furthermore, sulfur possesses the strategies solving the polysulfide shuttle because of the weak
advantages of being an abundant resource and having a low cost binding between routine nonpolar carbon materials and polar
and high biocompatibility, which are particularly attractive for polysulfides.
bulk applications toward reliable energy storage.”~*° However, For an enhanced anchoring strength of polar polysulfides on
there are significant issues raised by the low electrical carbon, heteroatom doping has been adopted.***> Owing to
conductivity, volume change of the sulfur cathode during the favorable guest—host interactions to bind polar sulfur
cycling, and the well-known “shuttle” of soluble polysulfides.
These issues result in the low utilization of sulfur, poor cycling Received: February 26, 2017
life, low efficiency, and severe self-discharge, all of which Accepted:  March 9, 2017
prevent the practical application of Li—S batteries.** Published: March 9, 2017
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Figure 1. Schematic diagrams of polysulfides anchored on the polar host surface through (2) Li-binding in heteroatom-doped nanocarbon

cathodes and (b) S-binding in metal sulfide cathodes.

species, nitrogen-doped carbon emerged as an efficient host to
render Li—S batteries with improved reversibility and
stability.®® Reactive oxygen-functional groups attached to
carbon materials such as graphene oxide were also effective
for polysulfide immobilization.”® Particularly, Hou et al.
systematically investigated different heteroatom dopants using
density functional theory (DFT) methods and proposed a
general design principle for doped nanocarbon materials.*’ A
volcano plot in regards to binding energies to polysulfides was
presented with N- and O-doping on the top. It was also
predicted that N and O codoped graphene facilitated a stronger
anchoring interaction, which was verified by recent reports.* In
addition, N and B codoped carbon materials show enhanced
performance when used as a sulfur cathode, further
demonstrating the codoping effects resulting in stronger
dipoles. >

Apart from heteroatom doping, various metal oxides, sulfides,
nitrides, and carbides have been used as honcarbonaceous polar
hosts in sulfur cathodes.">**~*° On one hand, a part of these
components exhibited strong interactions with polysulfides to
suppress the shuttle effect. On the other hand, several polar
hosts that have been a part of these components are proven to
promote the transformation between polysulfides. Tao et al.
suggested that a balance between the adsorption and diffusion
of polar sulfur species should be considered as a design
principle of sulfur hosts, which was revealed by a systematic
comparison between various nonconductive metal oxides.”

Unlike metal oxides sulfur hosts, their sulfide counterparts,
especially transition metal (TM) sulfides (TMSs), usually
exhibit higher electrical conductivities owing to the more
covalent nature endowed by soft basic S*~/S,2~ ions instead of
the hard basic O%~ ion. Moreover, the soft acid—soft base
interactions between TM cations and S?=/S,%~ anions render
TM atoms with a higher density of valence electrons in sulfides
than in oxides, which enables TM as binding sites for extrinsic
adsorbates such as polysulfides. Therefore, TMSs hold great
promise as advanced sulfur hosts. For example, Nazar and co-
workers®* reported a metallic CogS; material with an
interconnected graphene-like nanoarchitecture for sulfur
cathode, achieving better cycling stability (fade <0.045% per
cycle over 1500 cycles at C/2) and a high sulfur loading (75 wt
% sulfur and 4.5 mg cm~2 areal sulfur loading) at the same time;
sulfiphilic CoS, incorporated carbon/sulfur cathodes exhibited
promoted energy efficiency (increased by 10% compared with
normal carbon/sulfur cathodes), promised high discharge
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capacity (a high initial capacity of 1368 mAhg~t at 05 C),
and stable cycling performance for 2000 cycles (a slow capacity
decay rate of 0.034%/cycle at 2.0 C).>? Very recently, Cui and
co-workers** investigated a series of TMSs as a platform to
probe processes of Li,S oxidation and polysulfide adsorption. It
was found that energy barriers for Li,S decomposition on
various TMS surfaces were associated with the bindings
between lithium cations and sulfur anions in TMSs and
impacted significantly on the overpotential of Li,S oxidation. It
is highly expected to gain atomic insights into the detailed
interactions between polysulfides and polar substrates through
theoretical tools such as density functional theory (DFT).
Exploring the intrinsic differences between a series of analogous
host materials such as TMSs is a necessary step to draw general
design principles from broader material families either studied
or under investigation.

In this contribution, we selected first-row TMSs as platforms
and investigated their intrinsic differences systematically. DFT,
as a powerful theoretical tool, was employed to obtain both the
binding energy to Li,S and lithium diffusion barrier on various
TMS surfaces. The theoretical calculation drew an atomic
scheme including the following: (1) S-binding was preferable to
Li-binding. (2) VS exhibited the highest binding energy of
—4.89 eV. (3) Small lithium diffusion barriers less than 0.30 eV
were obtained on most of first-row TMS surfaces. This work
deepens understanding of TMSs as polar sulfur hosts. General
principles were proposed for rational screening and design of
scaffolding materials to achieve superb performance of Li—S
batteries.

For existing host materials such as heteroatom-doped carbon
and TMSs, two atomic binding configurations are usually
obtained from a theoretical perspective. One is based on the
“lithium bond” theory.>” For most of the doped carbon hosts,
polysulfides are bonded through dipole—dipole interactions of
Li—X (X represents the heteroatoms such as O, N, etc.) (Figure
1a). For TMSs, polysulfides are adsorbed through the TM—S
bond, where the sulfur is from extrinsic adsorbates such as Li,S
and polysulfides. Such a TM—S bond plays an important role
(Figure 1b). In previous reports, the two binding config-
urations, namely Li-binding and S-binding, were found to
coexist to afford strong anchoring as well as excellent lithium
diffusion properties.**>* However, the main difference between
these two binding configurations remains concealed. Moreover,
the intrinsic differences between diverse TMSs and how these
differences determine the atomic behaviors have not been fully
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Figure 2. Optimized structures of (a) ScS, (b) TiS, (c) VS, (d) CrS, (e) MnS, (f) FeS, (g) CoS, (h) NiS, (i) CuS, and (j) ZnS (001) surfaced
bound with Li,S molecule. (k) Ss—TM distance and (I) Lis—TM distance in the above-optimized structure. The lithium and sulfur atoms in
Li,S are marked with purple and yellow, respectively. S atoms in the slabs are marked with yellow. Metal atoms in the slabs are marked with
the corresponding colors shown above.

Figure 3. (a) Periodic law of binding energy. (b) Linear relationship of binding energy vs charge transfer. PDOS analysis of (¢) VS and (d)
ScS. The solid and dotted lines refer to the PDOS of TMSs bound and unbound with Li,S, respectively.

understood yet. Disclosing these mysteries would be of great First-row TMSs with the most stable and simplest structures,
importance to provide rational guidance. including ScS, TiS, VS, CrS, MnS, FeS, CaS, NiS, CusS, and
797 DOI: 10.1021/acsenergylett.7b00164
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ZnS, were considered, and their primary structures were
collected from Materials Project Database.>* As summarized in
Table S1, ScS, CuS, ZnS, and MnS have a cubic structure with a
space group of Fm3m [225] for the former three and F43m
[216] for MnS. FeS exhibits a tetragonal structure with a space
group of P4/nmm [129]. The other TMSs possesses a
hexagonal structure with a space group of P6;/nmc [194]. All
of these TMSs except ZnS have a zero band gap, implying the
metallic nature of most of the first-row TMSs (Figure S1). It
should be noted that first-row TM disulfides are more common
than first-row TMSs in Li—S battery research. For TM
monosulfides, only FeS has been studied previously.”> Never-
theless, in existing studies, TMs generally possessed various
valences from +2 to +4, making direct comparisons difficult. In
this contribution, however, TMSs have analogous structures
and identical valence (+2) of TMs, simplifying the parameter
matrices. Based on that, general principles can be derived.

Figures 2 and S2 illustrate the optimized structures of TMSs
with a Li,S molecule bound. The Mulliken charge and bond
length are presented as well. The two binding configurations
are demonstrated. ScS and CuS exhibit a Li-binding
configuration that Li in Li,S (denoted as Lis where & refers
to Li,S) binds to S in TMSs to form Lis;—S bonds. The other
TMSs dominate a S-binding configuration of S;—TM. The
former one is analogous to that for heteroatom-doped carbon,
which has been extensively investigated.®” The latter has been
indicated in only few very recent reports. The VS is exemplified
to reveal the detailed Ss—TM bond nature (Figure 2¢ and S2c).
The Li,S molecule interacts with VS through S-binding, and the
S;s s bound at the bridge site. The distance between S; and V
attached is calculated to be 0.254 nm (Figure 2k and S2c), quite
close to the V—S bond length in VS crystal (0.239 nm, Table
S2). That suggests a binding strength between Li,S and VS that
is as strong as that in bulk VS crystal. Meanwhile, the distance
between Lis and S in VS is 0.269 nm, much larger than that in
the molecule (0.210 nm) (Figures 2I, S2c, and S3). Moreover,
the Mulliken charge of the adsorbed Li,S is much different from
that of the pristine Li,S molecule in vacuum (Figures S2c and
S3). Change in the Mulliken charge of Lis is almost negligible,
from 0.890 to 0.970 after adsorption. In contrast, the change in
the Mulliken charge of S; is significant, from —1.780 to —0.550
after adsorption. That indicates the huge electron transfer from
Ss to TMSs, or equivalently, the formation of a S;—V chemical
bond. The chemical bond formation is believed to be the origin
of the strong anchoring effect.

To obtain a universal scheme, the binding energy, which has
a strong linear relationship with and is induced by the charge
transfer, is plotted with respect to the electron number of the d-
orbital (Figure 3a,b and Tables S3 and S4). Similar to the case
of VS, electrons are transferred from Sy in adsorbed Li,S to
TMs in TMS slabs, and the transferred electrons mainly occupy
the d-orbitals of TMs. Consequently, the binding energy is
closely related to the d-orbitals with a periodic law to describe
such a relationship. From ScS to VS and from VS to ZnS,
respectively, there are two nearly linear scaling lines. VS lies on
the top. Such a unique periodic law is ascribed to the
counterbalance between the valence electron number and the
unoccupied d-orbital number. For early TMSs such as ScS and
TiS, the divalent TM cations, Sc®* and Ti?*, have insufficient
valence electrons (1 for Sc®* and 2 for Ti%"). Therefore, the
deficiency in valence electrons prevents the formation of extra
chemical bonds of S;—Sc and Ss—Ti. For TMSs with a valence
electron number larger than 4 in corresponding divalent TM
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cations (from Cr?* to Cu?"), their binding energy to Li,S
decreases as the valence electron number increases. That is in
good accordance with the decrease of unoccupied d-orbital
number as well. The decrease in unoccupied d-orbital number
also results in difficulty in bond formation of S;—TM. For
example, Cu?* has nine valence electrons and thereby only one
d-orbital with a vacancy to interact with the valence electrons of
Ss. The deviation of ZnS results from the fully occupied 3d
orbitals so that transferred electrons will occupy the 4s orbital.
Therefore, the binding energy is not associated with the other
TMSs. Besides, Li,S lies on ZnS (100) surface, much different
from the other binding structures. Similar exceptions to d-band
model®™>*° have been reported in chemisorption on metal
surfaces, mainly associated with the adsorbates having almost
completely filled valence shell, and the substrates with nearly
fully occupied d-band, e.g., OH, F, or Cl adsorption on metals
and alloys characterized by d° or d*° substrate surface atoms.>’
The reason why VS is on the top is possibly because of the
three valence electrons of V2*. As a result, valence electrons
from S; can appropriately pair the three single electrons of VZ*
to stabilize the binding configurations of Li,S on VS. The
strong anchoring effect of VS was verified by the visualized
adsorption experiments and post-mortem analysis of the
electrodes after cycling in recent reports, in which VS, showed
the best adsorption functions among the selected first-row TM
disulfides.*” Therefore, VS is expected to render the strongest
interaction with the Li,S molecule.

First-row TM oxides (TMOs) are also considered to extend
the periodic law discussed above (Figure S4). A similar
volcano-like relationship was found for the TMO system to
bind Li,S. The only difference, that there is no clear boundary
between S-binding and Li-binding, originates from the stronger
electronegativity of oxygen than that of sulfur. Such a stronger
electronegativity results in a Lis—O bond that is stronger than
the Li;—S bond. As a result, in TMOs Li-binding is more
predominant than in TMSs. Hopefully, similar periodic laws are
expected for transition-metal nitride and metal carbide systems
to interact with Li,S, demanding further investigation. The
periodic law of the binding energy in metallic compounds
provides simple but efficient guidance for screening host
materials, targeting strong anchoring and suppression of the
shuttle effect.

To further understand the S-binding between Li,S and
TMSs, projected density of states (PDOS) analysis is presented
(Figures 3c,d and S5). Concretely, there are obvious changes in
PDOS of VS before and after binding Li,S, indicating the
obvious electron transfer. The changes in 3d-orbitals of V and
3p-orbitals of S indicate the possible d—p orbital interaction,
namely, S;—V bond formation, and that the S-binding
dominates. In contrast, there is almost no change in PDOS
of 3d-orbitals of Sc, implying that the S;—Sc bond is not formed
in Li-binding configuration. In Figure S5, PDOS of other TMSs
are presented, indicating the distinctive two binding config-
urations as suggested in Figure 3a. Generally, a TMS possessing
S-binding configuration is featured by changes in 3d-orbitals of
™.

As demonstrated above, most of the first-row TMSs,
especially VS, can anchor polysulfides efficiently through S-
binding, suppressing the shuttle effect and achieving better
battery performance. Furthermore, the surface diffusion
properties of TMSs are probed as the surface diffusion impacts
significantly on the growth of Li,S. An uncontrolled deposition
results in a low utilization of active substrates and poor cycling
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Figure 4. Lithium ion diffusion path on the surface of (a) ScS, (b) TiS, (c) VS, (d) CrS, (e) MnS, (g) FeS, (h) CoS, (i) NiS, (j) CusS, and (k)
ZnS. (f) Energy profiles for diffusion processes of Li ion on first-row TMSs surface. The atomic colors are as same as that in Figure 2.

performance. Lithium ion diffusion barrier has been reported as
a good descriptor to judge the surface properties of TMSs. A
lower barrier can lead to an increase in the diffusion rate
according to the exponential law. Then faster diffusion is
beneficial to the intercalation—deintercalation of lithium and
can promote the reaction between lithium and sulfur.*> The
corresponding results are summarized in Figures 4 and S6 and
Table S5.

Generally, there are two kinds of diffusion pathways:
unimodal curve (ScS, TiS, VS, CrS, and CoS), corresponding
to one single transition-state point, and bimodal curve (MnS,
FeS, NiS, CuS, and ZnS), in which a metastable point exists
between two stable points. Half of the calculated TMSs have a
lithium ion diffusion barrier lower than that of graphene
materials, which is 0.31 eV (Figure S7). The lithium ion
diffusion barrier on graphene is consistent with recent
reports.”®*® Among all the TMSs, VS has a small lithium ion
diffusion barrier of 0.22 eV, and that of ScS is only 0.10 eV,
which is the smallest. By comparison, ZnS has the largest
lithium ion diffusion barrier of 0.63 eV. Based on the cyclic
voltammetry (CV) measurements and the classical Randles—
Sevcik equation, the higher Li-ion diffusion rate on VS, surface
than graphene was confirmed experimentally, verifying our
calculation results to some degree.*” This finding further
verifies that VS is a potentially desirable sulfur host for Li—S
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batteries. The lower barrier can lead to a faster diffusion rate,
allowing homogeneous deposition of Li,S.

In conclusion, we have systematically investigated the first-
row TMSs as polar hosts for sulfur cathodes in Li—S batteries
to reveal a general rationale for sulfur host design. A periodic
law is drawn from the theoretical calculations based on DFT. It
is predicted that VS has the strongest anchoring effects on Li,S
immobilization and a relatively low lithium ion diffusion barrier,
consistent with current reports. The strong S-binding is mainly
induced by charge transfer between TM atoms in TMS slabs
and S atoms in Li,S, different from Li-binding mainly induced
by dipole—dipole interactions. In addition, the PDOS analysis
further demonstrates the essential role of TM in rendering S-
binding configuration with stronger anchoring. This finding
provides a general and practical principle for rationally
designing sulfur cathode materials and screening unexplored
materials, which will propel the development of high-energy-
density and long-life Li—S batteries.
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