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ABSTRACT: In this work, we have explored sulfur loading, the
anchoring ability of lithium polysulfides (LiPSs), and the formation
mechanism of a net-like Li,S structure in a Ni,(dobpdc) metal—organic
framework (MOF) using density functional theory (DFT) calculations
and molecular dynamics (MD) simulations. The MD results reveal a net-
like structure of (Li,S), covering the Ni,(dobpdc) MOF surface when
the Sg cluster is transformed into short-chain LiPS molecules at a high
level of lithiation. Further, the LiPS molecules adsorbed on the
Ni,(dobpdc) MOF surface (in the presence of a solvent) have been
considered. Based on the electron distribution analysis of the three-
dimensional reference interaction site model (3D-RISM) results, 1,3-
dioxolane (DOL) can hinder LiPS dissolution owing to its weak binding strength with the LiPS molecules. In contrast, the ethylene
carbonate (EC) solvent significantly decreases the adsorption strength of the long-chain LiPS molecules, leading to a severe shuttling
effect of the LiPSs in Ni,(dobpdc). Our findings indicate that the shuttling effect of the LiPSs is highly dependent on the dielectric
constant of solvents, suggesting that solvents with a strong polarizability, such as EC, should be avoided. The present findings also
offer comprehensive insights into the impact of various solvents on LiPS adsorption in Ni,(dobpdc), paving the way for developing
innovative cathode materials for next-generation Li—S batteries.
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1. INTRODUCTION severe loss in active electrode materials, and the rapid decay of
batteries’ capacity.*”**"'" Therefore, it is necessary to design

In recent decades, there has been extensive research on high-
and develop innovative cathode materials that overcome these

energy-density lithium-ion batteries (LIBs) due to the growing

demand for electronic devices and electric vehicles.'”> LIBs limitations.

have emerged as a primary power source, widely used in Lately, considerable effort has been devoted to modifying
various applications. Therefore, further development of high- cathode materials using physical confinement or chemical
energy-density LIBs has attracted considerable attention. adsorption with porous conductive materials."”''~"® These
However, because of intercalation during the lithiation and conductive materials can effectively improve the electrical
delithiation processes, most cathode materials begin to conductivity of S electrodes and reduce structural trans-
degrade, limiting the applications of LIBs because their formation during the charging and discharging processes,
structural stability becomes very unstable. Therefore, different owing to their unique porous structure. However, the
battery systems have been explored to improve the energy interaction between LiPSs and these carbon (C) materials
density and capacity of LIBs, with several significant results remains very weak, causing a severe shuttling effect; hence, it is
achieved, such as lithium—sulfur (Li—S) batteries."™* Li-S$ challenging to employ these conductive porous C materials as
batteries have garnered extensive research interest owing to a cathode in Li—S$ batteries. Currently, black phosphorus,"*
their environmental sustainability, natural abundance of S, low polar metal compounds (carbides, oxides, nitrides, and
fabric7ation cost, and ultrahigh theoretical capacity of 1675 (mA sulfides),'® MXenes,'*™'® and metal—organic framework
h)/g.” However, the commercialization of Li—S batteries is still materials (MOFs)'>'>™! are widely employed in Li—$

hindered by several intrinsic issues, including (1) the capacity batteries. Among them, research on MOFs for Li—S battery
of Li—S batteries lagging far behind the theoretical capacity

due to the insulating characteristic of an Sg cluster and its -
discharge products Li,S and Li,S, (~107° S/cm), (2) the Rec?we‘l: May 13, 2024
occurrence of large volume change during the lithiation Revised:  September 11, 2024
process, causing structural deformation of cathode materials Accepted: September 16, 2024
and the poor stability of batteries, and (3) the dissolution of Published: September 20, 2024
lithium polysulfides (LiPSs) causing a severe shuttle

phenomenon, which leads to the corrosion of Li electrodes,
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applications has increased considerably, with the trend
continuing to grow, reflecting the great potential of MOFs in
the field of Li—S batteries.'” Tarascon et al. reported the use of
a MIL-100(Cr)-based composite as a cathode material in Li—$
batteries.* Subsequently, various MOFs were extensively
investigated, such as ZIF-8, MIL-53(Al), and HKUST-1-
based cathodes. The studies showed that MOF-based cathode
materials can achieve a high number of cycles and excellent
capacity retention during the charging and discharging
process.”” Wu et al. showed that ZIF-8 combined with carbon
nanotubes successfully confined polysulfides within the
cathode region, significantly improving the reversible capacity
and cycling stability.”*

Apart from functionalized ZIF-8 materials, M,(dobdc) and
its derivative M,(dobpdc) have also been considered as
potential cathode materials due to their high density of open
metal sites when compared to all other known MOF materials,
providing an abundance of active adsorption sites for
anchoring sulfur and lithium polysulfide molecules.”>™*” The
wealth of active adsorption sites for sulfur adsorption also
endows M, (dobdc) and M,(dobpdc) MOF with a high sulfur
loading capacity, making it a desirable cathode material.
Furthermore, M,(dobpdc) is constructed from unsaturated
metal (M)** ions and 4,4'-dioxidobiphenyl-3,3'-dicarboxylate
(dobpdc) linkers, resulting in a distinctive one-dimensional (1-
D) closely packed structure. This 1-D channel greatly enhances
lithium accessibility to M,(dobpdc) MOF with minimal
tortuosity. In addition, the 1-D channel can significantly
enhance the electrical conductivity of the MOF, thereby
increasing sulfur conversion kinetics and exhibiting good
charge storage capacity.”*™>° Finally, M,(dobpdc) MOF is
characterized by its substantial surface area, exceeding 1000
m?*/g, making it an excellent candidate as a sulfur host material
for Li—S$ batteries.*””** In addition, Zheng et al. showed that
Nickel (Ni)-MOF as a S host can provide physical confine-
ment and chemical interaction to capture LiPSs, greatly
improving the cycling stability and capacity retention of Li—S
batteries.” Li et al. also demonstrated that highly mesoporous
N-rich C with single Ni sites enables the effective confinement
of LiPSs.”* To gain a comprehensive understanding of the
roles played by unsaturated metal Ni** ions and the functional
group of dobpdc linkers on the behavior of LiPSs and to reveal
how solvent properties affect the anchoring capabilities of
Ni,(dobpdc) MOF, Ni,(dobpdc) MOF was adopted as the
cathode material and the function of the unsaturated Ni**
center of the MOF on the adsorption of LiPSs was
computationally investigated via density functional theory
(DFT) calculations. Furthermore, the reactivity of various
solvents against the anchoring ability of the Ni,(dobpdc) MOF
was evaluated using three-dimensional (3-D) reference
interaction site model (3D-RISM) simulations. The present
study considered commercial solvents, such as ethylene
carbonate (EC), dimethyl carbonate (DMC), dimethyl
sulfoxide (DMSO), and 1,3-dioxolane (DOL). In addition to
studying the anchoring ability of the Ni,(dobpdc) MOF and
the solvent effects on LiPS adsorption, lithiation of the Sg
cluster during the discharging process in Li—S batteries was
also examined. This study conducted ab initio molecular
dynamics (AIMD) simulations to formulate a detailed
lithiation mechanism of Li,S and Li,S, formation in the
Ni,(dobpdc) MOF. With a deeper understanding of
Ni,(dobpdc) MOF and its interaction with various solvents
affecting LiPS dissolution, the authors believe that this study

could provide new insight into developing of innovative
cathode materials for Li—S batteries.

2. COMPUTATIONAL METHODS

In this study, the optimized configurations of the Ni,(dobpdc)
MOF and analyses of the adsorption energies were performed
using DFT within the plane-wave basis set approach.” All
spin-polarized DFT calculations were performed using the
Vienna Ab initio Simulation Packa§e (VASP) with the
projector-augmented wave method.”>*” The generalized
gradient approximation and long-range dispersion correction
incorporated into the PBE-D2 functional were adopted to
describe van der Waals interactions.”®”” A cutoff energy of 550
eV was used for the structural optimization, electronic property
analysis, and AIMD simulations. The gamma point was
considered for Brillouin zone integration. The Hubbard U
corrections of 5.96 were considered to include the self-
interaction energy of the correlated d-electrons of Ni atoms in
the system.*”*' For the structural configuration relaxation, all
geometrical parameters were relaxed until the total energy and
Hellmann—Feynman forces on each atom converged to 107>
€V and 0.01 eV/A, respectively. The average adsorption energy
of Sg molecules (E,4,) on the Ni,(dobpdc) MOF surface was
calculated as in eq 1

Eads = (ETotal - ENiz(dobpdc) - nESX)/n (1)

where Erqy, Exi,(dobpdc) and Eg, are the total energies of the Sg

molecule adsorption on the Niy(dobpdc) MOF surface,
pristine Ni,(dobpdc) MOF structure, and isolated Sg
molecules, respectively. A label (n) was used to indicate the
number of adsorbed Sy molecules in Ni,(dobpdc) MOF. In
addition, the stepwise energy (Eq,) of the adsorption of the Sg
molecules was considered by eq 2:

Estep :ETotal(nSS) - ETotaI((n - 1)58) (2)

For AIMD simulations, the convergence criteria for
electronic self-consistent iteration were set to 107 To
simulate the lithiation process, step-by-step lithiation was
performed on the Ni,(dobpdc) MOF surface. Five stages of
the lithiation process were considered, wherein one, three,
four, four, and four Li atoms were added to the system at
different stages. After adding Li atoms, the AIMD simulations
were equilibrated at 300 K in a canonical ensemble (NVT) for
a total time of S ps (with a time interval of 1 fs).

To investigate the solvent effects of LiPS adsorption on the
Ni,(dobpdc) MOF surface, the 3D-RISM was used for further
calculations.*** The 3D-RISM calculations provide the
solvent structure in the form of a 3D site distribution function
and enable the calculations of structural optimization,
electronic properties, and molecular solvation structure in
each molecular liquid or mixture. Compared with other
implicit solvation models, the 3D-RISM method provides more
detailed information about solvent effects, such as the solvent
density distribution and charge density surrounding the solute.
The method also possesses significant advantages over explicit
solvation models in terms of computational efficiency and cost.
As 3D-RISM was not implemented in the VASP software, all
calculations in the presence of implicit solvation models were
performed using the Quantum ESPRESSO code.**** All spin-
polarized calculations were performed with plane-wave basis
sets and ultrasoft pseudopotentials.*>*” For structural opti-
mization in the presence of solvent effects, all geometrical
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Figure 1. (a) The optimized structure of the unit cell of Ni,(dobpdc). (b) The most stable adsorption configuration of Sg molecule with
Ni,(dobpdc). Calculated (c) average adsorption energy and (d) Stepwise adsorption energy of Sy clusters in the Ni,(dobpdc) MOF. (e)
Illustration of the maximum sulfur loading in the p(4 X 1) supercell of Ni,(dobpdc).

parameters were relaxed until the total energy converged to
10~* (Ry) and the forces on each atom were smaller than 107
(Ry/Bohr). For the 3D-RISM calculations, the L] parameters
were obtained from the table of the nonbonded OPLS—AA
force fields.”® The convergence criterion for the root-mean-
square of the residual of the total correlation function in the
MDIIS iteration was 10~ (Bohr). This study considered the
solvent concentrations for EC, DMC, DMSO, and DOL to be
1.32, 1.07, 1.10, and 1.06 g/cm?, respectively.

3. RESULTS AND DISCUSSION

3.1. Sulfur Loading and Theoretical Capacity of
Ni,(dobpdc). Ni,(dobpdc) was composed of inorganic
nodes (Ni**) and organic linkers (dobpdc™). The unsaturated
Ni** center in Ni,(dobpdc) was demonstrated by bonding
each Ni** ion to five oxygen atoms. Beginning from the
hexagonal unit cell of Ni,(dobpdc) with periodic boundary
conditions, a unit cell containing a 6 Ni** center was
considered to study the interaction of the unsaturated metal
site with Sg molecules, as shown in Figure la. To understand
the adsorption behavior of the Sy molecule on Ni,(dobpdc),
we have examined the adsorption of a Sg molecule at all
possible adsorption sites, including directly on top of the Ni**
cation, O*” anion, and above the center of the organic linker.
Figure 1b illustrates the most stable configuration of Sg
molecule adsorption on Ni,(dobpdc). We found that the S
molecule could be stably adsorbed on the top of the Ni**
cation, with an adsorption energy of —0.88 eV. The distance
between the S atom and Ni** cation is 2.70 A. To explore the
behavior of multiple adsorptions and its impact on the sulfur
capacity retention of Ni,(dobpdc), we gradually added
additional Sg molecules to the other Ni** cation sites. After
each addition, the system was reoptimized to determine the

most stable configuration. We continued this process until the
stepwise adsorption energy for the n™ Sy molecule became
positive. The average adsorption energy and stepwise energy
were calculated and illustrated in Figure 1(c,d). The
corresponding geometries of the adsorbed Sg in Ni,(dobpdc)
are shown in the Supporting Information (Figure S1). Figure
Ic demonstrates that the calculated average S; adsorption
energies range from —0.88 to —0.74 eV as the amount of
adsorbed Sg molecules varied from 1 to 7. Among them, the
first Sg molecule demonstrates the largest adsorption strength
of —0.88 eV. As the number of adsorbed Sg molecules
increases to seven, the adsorption energy remains relatively
constant. Nevertheless, the Sy adsorption energy decreased
significantly when more than one Sg molecule was adsorbed.
Figure 1d shows that the stepwise adsorption energy of the
eighth Sy molecule becomes positive (1.61 eV), indicating that
its adsorption is thermodynamically unfavorable. The calcu-
lations revealed that seven Sg molecules can stably adsorb onto
the Ni,(dobpdc) MOF, as shown in Figure le. In an ideally
completed electrochemical reaction for the formation of the
final lithiated product (Li,S) during the discharging process,
the final reaction product comprised 56 Li,S molecules in the
Ni,(dobpdc) MOF. The theoretical capacity (C; mAh/g) of
the electrode material was calculated using the formula C =
NF/3.6m.” This formula considers the mole number of
electron transfers () in the reaction, the Faraday constant (F
= 96485 C/mol), and the mole mass of the electrode material
(m). Based on the calculations, Ni,(dobpdc) MOF, which
contains seven Sg clusters, has a theoretical capacity of 1016.3
mAh/g. In addition, we have examined the structural stability
of Ni,(dobpdc) as the number of Sy molecules increases. The
percentage volume change of Ni,(dobpdc) is summarized in
Figure S2. It can be clearly seen that the Ni,(dobpdc) MOF
exhibits excellent structural stability, with volume changes
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Figure 2. (a) Number of S—S bonds in Sg molecules and that of Li—S formation at the different levels of lithiation. Snapshots of lithiation process
of Sg to LiyeSs: (a) Sy (b) LiSg, (c) LiySs, (d) LigSs, (e) Lij,Ss, and (f) LiyeSs.

smaller than +2% after the insertion of Sg molecules.
Therefore, the high theoretical capacity and strong structural
stability of the Ni,(dobpdc) MOF might make it an effective
host for capturing Sg clusters, which could be applied to
conventional Li—S batteries.

3.2. Sulfur Reduction Reaction in Ni,(dobpdc). To
further elucidate the S reduction reaction on the Ni,(dobpdc)
MOF surface during the discharging process in Li—S batteries,
we examined the overall reaction from the Sg molecule to the
lithiated product of Li,S using AIMD simulations. The overall
simulation comprised five steps to model the lithiation process.
A stepwise lithiation process was performed on Ni,(dobpdc)
by adding Li atoms at each step. After adding Li atoms to
Ni,(dobpdc), the system equilibrated for S ps, demonstrating a
structural change and reaching a new equilibrium. In these five-
step AIMD simulations, one, three, four, four, and four Li
atoms were gradually added to the Ni,(dobpdc) system. At the
beginning of the AIMD simulation, we added a Li atom around
the adsorbed Sy molecule, and each subsequent addition of Li
atoms was strategically positioned near the emerging LiPS
structure formed in the previous step to facilitate the
continuous lithiation process. The calculated total energy (in
V) of the system as a function of simulation time (in ps) after
lithiation is illustrated in Figure S3. In addition, this study

analyzed the number of S—S bond breaks in the Sg molecules
and the Li—S bond formation during the lithiation process, as
shown in Figure 2a. With the addition of Li atoms, it can be
observed that the number of S—S bonds decreased and that of
Li—S bonds increased. In the presence of 16 Li atoms, the S—S
bonds completely dissociated, and all S atoms combined with
the Li atoms to form Li,S. Furthermore, it was observed that
when one Li atom was added to the system, the Li—S bond
distances were between 2.6 and 2.7 A. Nevertheless, when
more Li atoms were added, the range of the Li—S bond
distances widened, with most of the distances falling between
2.3 and 2.4 A.

To perform a deeper analysis of the S—S bond breaking and
Li—S bond formation, this study has depicted the config-
urations of the LiPS molecules adsorbed on the surface of the
Ni,(dobpdc) MOF, ranging from the lithiation level of Sg to
Li;¢Ss. These illustrations are shown in Figure 2(b—g). Before
the lithiation process, the Sg molecule was adsorbed on the
Ni,(dobpdc) MOF surface and exhibited a ring structure with
eight S—S bonds, as shown in Figure 2b. The first step involved
the introduction of one Li atom into the system, which formed
the LiPS structure of the adsorbed LiSg. It was observed that
one S—S bond broke and one Li—S bond formed, with the Sq
becoming a chain-like structure, as shown in Figure 2c. As

https://doi.org/10.1021/acs.jpcc.4c03165
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three extra Li atoms were added in the second step, the Sg ring
structure broke down, and the Sy cluster began to decompose
into two smaller Li,S, species. When the lithiation level of the
Li atoms reached 8 and 12, Li,S; and Li,S, were observed in
the Ni,(dobpdc) MOF system, respectively. In addition, the
adsorbed LiPS molecules began to connect with each other,
forming chain-like or net-like configurations. At the end of the
lithiation process, when 16 Li atoms were added, there were no
S—S bonds in the system, and all S atoms of the Sg molecule
were transformed into Li,S molecules. Figure 2g demonstrates
that all the Li,S molecules are connected, forming net-like
configurations and covering the Ni,(dobpdc) MOF surface. In
addition, the detailed mechanism of the Sg reduction reaction
on the Niy(dobpdc) MOF surface during lithiation are
provided in Figure S4. The MD simulation results indicate
that longer chain LiPS molecules are favorably transformed
into short-chain LiPS molecules, which are further reduced to a
net-like structure of (Li,S),, covering the Ni,(dobpdc) MOF
surface.

3.3. Anchoring Ability of Ni,(dobpdc). An ideal cathode
material must have good anchoring properties toward LiPSs to
inhibit the dissolution of the active materials. To evaluate the
anchoring properties of Ni,(dobpdc) as a potential cathode
material, we optimized the structure of the LiPS molecules
(Li,S,, x« = 1—8) and calculated their adsorption energies (E,q;)
on the Ni,(dobpdc) MOF surface. The optimized structures of
adsorbed Li,S, (x = 1—8) molecules on Ni,(dobpdc) are
shown in Figure 3. The Li atoms of all the LiPS molecules were

T ONOLO®C®O SOH

Figure 3. Optimized adsorption structures of Li,S, (x = 1-8)
molecules on the Ni,(dobpdc) MOF surface.

closer to the O atom of the organic linker, and the S atom was
absorbed on top of the Ni atom. In addition, the formation of
chemical bonds (Li—O) can be observed when all the LiPS
molecules are adsorbed on the Ni,(dobpdc) MOF surface,
implying the strong anchoring ability of Ni,(dobpdc) toward
LiPSs. Table 1 lists the calculated E 4 values and the shortest
adsorption distance of Li,S, to the central metal site (dg_y;)
and the O atom of the organic linker (d;_o) for the most
stable adsorption configurations. The calculation results
indicate that the LiPS molecules can stably adsorb on the
Ni,(dobpdc), with the calculated adsorption energies ranging
from —1.70 to —2.96 eV. As shown in Table 1, the Li,S
molecule demonstrated the strongest adsorption on the
Ni,(dobpdc) MOF surface, with the shortest S—Ni and Li—
O distances of 2.33 and 1.86 A, respectively, suggesting strong
interactions between Li,S and the Ni,(dobpdc) MOF surface.

Table 1. Calculated Adsorption Energy (E,4) Values and
the Shortest Adsorption Distance of Li,S, to the Central
Metal Site (dg_y;) and the O Atom of the Organic Linker
(di_o) for the Most Stable LiPS Adsorption Configurations

Clusters E,q (eV) ds_ni (A) diio (A)
Li,S ~2.96 2.33 1.86
LiS, 243 2.39 192
Li,S; —191 2.43 1.98
Li,S, ~1.70 247 1.86
Li,S; —1.88 2.46 1.98
Li,Sq -173 2.50 2.02
Li,S, —-1.98 2.43 1.89
Li,S, ~2.00 2.45 1.94
S, —0.88 2.70

Furthermore, the electron density difference (EDD) of the
Sg cluster and Li,S molecule adsorption was systematically
compared to identify the underlying cause of strong Li,S
adsorption on the Niy(dobpdc) MOF surface. The EDD
results for Sy and Li,S adsorption on the Ni,(dobpdc) MOF
surface are illustrated in Figure 4, where the yellow region and

ON QL @0 Qs

Figure 4. Illustrations of 3-D and 2-D electron density difference
(EDD) of the Ni,(dobpdc) MOF structure by the adsorption of (a)
Sg cluster and (b) Li,S molecule. The isosurface value is 0.001 e/au.

red line represent electron-rich areas, and the blue region and
blue line indicate electron-deficient areas. Figure 4a demon-
strates a small accumulation of electrons between the adsorbed
Sg molecule and the Ni,(dobpdc) MOF surface, indicating that
Sg molecule adsorption on the surface occurs via the dative
bond, and the electrons are transferred from the S atom to the
Ni atom. In contrast, the electron difference between the
adsorbed Li,S and Ni,(dobpdc) MOF surfaces (Figure 4b)
was enormous, which shows an increased adsorption strength.
To further understand the interaction between the adsorbed
Li,S and Ni,(dobpdc) MOF surface, the two-dimensional (2-
D) EDD of Li,S adsorption was analyzed. The electron density
(red line) increased between the O—Li and S—Ni bonds; this
observed increase demonstrates the presence of a dative bond
between O and Li and between S and Ni, suggesting that
electrons are transferred from O to the Li cation and from S to
the Ni cation. This electron transfer direction results in a
cooperative effect of the two interactions, increasing the
interaction energy between the Li,S molecule and the
Ni,(dobpdc) MOF. Therefore, these results suggest that the
cooperative binding of LiPS molecules provides the
Ni,(dobpdc) MOF with a stronger anchoring ability to store
LiPS molecules.

Based on the findings above, the Ni atom in the
Ni,(dobpdc) MOF plays a significant role in improving the
capacity retention of Li,S. Besides enhancing the capacity of
Li,S, the oxidation state changes of Ni atoms during lithiation
can also affect the stability of the Ni,(dobpdc) MOF. It has
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been reported that changes in the magnetic moment from Ni** 0.8
to Ni** in Ni-based cathode materials can induce Jahn—Teller < 044 o
distortion, leading to structural instability.””*' Consequently, G e
we examined the magnetic moments of the Ni ions both before > 04l @ 0., '8' £
and after Li,S adsorption, as shown in Table 2. Our g 08 @ - © -DMsO
. N DOL
L 12 _- 8 8 O\\ -(2- Vacuum
Table 2. Calculated Magnetic Moments for Ni Ions in 5 16 8 T
Pristine and Li,S-Adsorbed Ni,(dobpdc) g5 e . @ o
-1 e o-.
Magnetic moment (i) g 244 T
< 7 .. ©
Pristine 28 RRIPY
Ni,(dobpdc) Li,S adsorption on Ni,(dobpdc) 423
-9 T T T T T
1Li,S Netike Li,S Us, LS, LS, LS, Li,
Ni ions (Figure 1a) (Figure 2g) (Figure 3h)
Ni (1) 1.805 1.771 1.807 Figure S. Calculated adsorption energies of Li,Sg, Li,S¢, Li,Sy, LiyS,,
Ni (2) 1.805 1.806 1.807 and Li,S molecules on the Ni,(dobpdc) MOF surface in the presence
Ni (3) 1.805 1.804 1.809 of 3D-RISM solvation models, which include EC, DMC, DMSO, and
Ni (4) 1.808 1.801 1.806 DOL solvents.
Ni (3) 1.807 1.811 1.807
Ni () 1.807 1.808 1.807 the Ni,(dobpdc) MOF can hinder the shuttling effect and
N% ) 1.805 1.749 1.762 could be applied to either the DMC or DOL solvents.
Nf (8) 1.805 1817 1.810 The 2-D charge density distribution of the solvent was
N% ©) 1.806 1799 1.812 analyzed using 3-D RISM calculations to discern the influence
Ni (10) 1.806 1.810 1.806 of each solvent on the adsorption of LiPS on the Ni,(dobpdc)
Ni (1) 1.805 1.803 1.807 MOF surface. The obtained 2-D charge density distribution
Ni (12) 1.806 1.804 1.807

calculations reveal that the magnetic moment of Ni ions
before Li,S adsorption is approximately 1.8 g, while it slightly
decreases to around 1.77 uy after Li,S adsorption. Previous
studies have shown that Ni ions exhibit a magnetic moment of
approximately 1.7 y in their +2 oxidation state and around 1.1
pip in their +3 state.’® Therefore, our findings indicate that
there is no Jahn—Teller distortion following Li,S adsorption.
3.4. Solvent Effects on the Anchoring Ability. Li—S
batteries are known to suffer from the “shuttling effect”, which
is caused by poor anchoring of the discharge product (LiPS)
over the cathode material. One of the key factors influencing
the adsorption strength of LiPS molecules and their
subsequent dissolution is the solvent used. To investigate
this, this study used the 3D-RISM solvation method to study
solvent effects on the binding ability of Ni,(dobpdc) toward
LiPS molecules. The adsorption energies (E,) in both
vacuum and solvents were calculated. For a more compre-
hensive discussion of the solvent effects on the LiPS adsorption
on Ni,(dobpdc), four common solvents were selected: EC,
EMC, DMSO, and DOL. The calculated adsorption energies
(Eugs) of LiyS, (n=1,2, 4, 6, and 8) on the Ni,(dobpdc) MOF
surfaces in each solvent are shown in Figure S. The calculated
adsorption energies for all the LiPS molecules are listed in
Table S1. The EC solvent exhibits a significant influence on
LiPS adsorption, particularly for the long-chain Li,Sg Li,S,
and Li,S,. The calculated value of the adsorption energy of
Li,Sg in EC becomes positive, implying that Li,S; adsorption
on the Ni,(dobpdc) MOF surface is thermodynamically
unfavorable. In other words, long-chain Li,Sg molecules
dissolve easily in the EC solvent. In addition, DMSO also
demonstrated weak adsorption strength of long-chain LiPS
molecules, suggesting that EC and DMSO should be avoided
as electrolyte solutions in experiments. However, the calculated
adsorption energies of Li,Sg adsorption in the DMC and DOL
solvents were —0.85 and —1.05 eV, respectively, showing that

plot obtained for each solvent is shown in Figure 6, wherein
the red and blue areas represent the increase and decrease of
the charge density distribution, respectively. In the EC solvent
system, the charge density is significantly increased near the Li
atom of the Li,Sg molecule. This reveals a strengthening of the
electrostatic interaction between the adsorbed Li,Sg molecule
and the implicit EC solvent, confirming that the strong
interaction decreases the adsorption strength of long-chain
Li,Sg on the Ni,(dobpdc) MOF surface. In contrast, in the
DOL solvent system, the charge density near the Li atom is
very small, which implies a weak interaction between Li,Sg and
the DOL solvent and the strong adsorption of the long-chain
Li,Sg on the Ni,(dobpdc) MOF surface. Based on the analyses
of charge density in the surroundings of the Li atom shown in
Figure 6, the results support that the solvent effect on the
adsorption strength of the adsorbed Li,S; molecules from
strong to weak is EC, DMSO, DMC, and DOL. To gain insight
into the interactions between the long-chain Li,Sg molecules
and various solvents, the 1-D projector of the charge density
distribution was analyzed along the z-axis, as shown in Figure
SS. The dielectric constant, the highest charge density of the 1-
D projector, the solvation free energies, and the adsorption
energies of the Li,Sg molecules in each solvent system are
summarized in Table 3. The low dielectric constant might have
caused an decreased charge density of the implicit solvent,
resulting in weak electrostatic interactions between the Li,Sg
and solvent molecules. Thus, the weak interaction between the
Li,Sg and solvent molecules leads to lower solvation free
energy, making Li,Sg adsorption thermodynamically favorable.
Therefore, this suggests that solvents with a low dielectric
constant, such as DOL, are suitable for Li—S batteries because
of their weak interactions with the LiPSs, thus suppressing the
subsequent shuttling effect.

4. CONCLUSIONS

A Ni,(dobpdc) MOF was systematically investigated as a Li—$
battery cathode material using first-principles calculations,
AIMD simulations, and 3D-RISM solvation models. By
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Figure 6. Charge density distributions of solvent molecules in relation to the adsorption of Li,Sg molecule on the Ni,(dobpdc) MOF structure in

the EC, DMSO, DMC, and DOL solvents.

Table 3. Dielectric Constant of Each Solvent, Highest
Charge Density of the 1-D Projector, Calculated Solvation
Free Energies, and Adsorption Energies of the Li,Sq
Molecule in Each Solvent System

Dielectric ~ Charge Density  Solvation Free Adidc:lz‘}saiion

constant (1/Bohr?) Energy (eV) Energy (eV)
EC 89.6 0.22 2.63 0.21
DMSO 46.7 0.18 1.95 —0.26
DMC 3.11 0.13 1.61 —0.85
DOL 7.13 0.08 1.41 —1.0S

identifying and analyzing the Sg cluster adsorption on
Ni,(dobpdc), the adsorption and stepwise adsorption energies
of the Sg molecule were calculated. The results indicated that
the Ni,(dobpdc) MOF can store up to seven Sg molecules with
the largest average adsorption energy of —0.88 eV. The
Ni,(dobpdc) MOF showed high sulfur loading and a high
theoretical capacity of 1016.3 mAh/g, suggesting that it could
be used as a potential cathode material. In addition, the
lithiation process in Ni,(dobpdc) was considered using AIMD
simulations, and it was observed that the Sy cluster favorably
transformed into short-chain LiPS molecules. A net-like
structure of (Li,S), covering the Ni,(dobpdc) MOF surface
was perceived at high levels of lithiation. To further investigate
the anchoring ability to capture lithiation products, we
analyzed the adsorption of LiPS onto the Ni,(dobpdc) surface.
Based on the calculated results, all LiPSs can strongly interact
with Ni,(dobpdc) through the combination of S—Ni and Li—
O covalent bonds, revealing the existence of cooperative
interactions between LiPSs and the surface. Among all LiPS
adsorption, the Niy(dobpdc) MOF exhibited the largest
adsorption energy of —2.96 eV toward Li,S adsorption.
Furthermore, this study investigated the shuttling effect of
LiPSs in Ni,(dobpdc) using various solvent molecules.
Analyses of the electron density distribution of each solvent
from the 3-D solvation results revealed that many electrons
accumulated near the Li atom of the adsorbed Li,Sg in the
presence of the EC solvent. Such electron accumulation

indicates a strong interaction between the adsorbed Li,Sg and
EC molecules, making Li,Sg adsorption thermodynamically
unfavorable. In contrast, less electron accumulation and weak
interactions between the adsorbed Li,Sg and DOL molecules
resulted in strong Li,Sg adsorption on the surface. This
theoretical study indicates that that utilizing Ni,(dobpdc)
MOF with a low dielectric constant solvent, such as DOL,
could be considered as a promising cathode material option
due to its enhanced sulfur loading and outstanding perform-
ance in mitigating the shuttling effect.
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