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Theoretical Investigation of 2D Conductive Microporous
Coordination Polymers as Li-S Battery Cathode with

Ultrahigh Energy Density

Guoping Gao, Fan Zheng, Feng Pan, and Lin-Wang Wang*

Even though tremendous achievement has been made experimentally in the
performance of lithium-sulfur (Li-S) battery, theoretical studies in this area
are lagging behind due to the complexity of the Li-S systems and the effects
of solvent. For this purpose, a new methodology is developed for investi-
gating the 2D hexaaminobenzene-based coordination polymers (2D-HAB-
CPs) as cathode candidate materials for Li—S batteries via density functional
theory calculations in combination with an in-house developed charge polar-
ized solvent model and a genetic algorithm structure global search code. With
high ratios of transition metal atoms and two-coordinated nitrogen atoms,
excellent electric conductivity, and structural porosity, the 2D-HAB-CP is able
to address all of the three main challenges facing Li-S batteries: confining
the lithium polysulfides from dissolution, facilitating the electron conductivity
and buffering the volumetric expansion during the lithiation process. In addi-
tion, the theoretical energy density of this system is as high as 1395 Wh kg™".

transition-metal oxide (LTMO)/phosphate
cathodes that intercalating Li ions with
the minimal structural change due to the
nature of intercalation and stabilities of
the LTMO. However, the same factors also
fundamentally limit its energy density.l!
The current LIB cathodes can reach an
energy density of about 300 Wh kg,
which is close to their theoretical limit.[?!
The intercalation happens by Li donates
its electron to the host while the transition
metal (TM) atoms change their covalence
states to accommodate the extra electron.
Since this is more like the ionic interaction
with no direct Li-transition metal bonding,
the Li can often diffuse inside such ITMO.
Nevertheless, noncovalent bonding also

These results demonstrate that the 2D-HAB-CP is a promising cathode
material for Li-S batteries. The proposed computational framework not only
opens a new avenue for understanding the key role played by solution and
liquid electrolytes in Li-S batteries, but also can be generally applied to other

processes with liquids involved.

1. Introduction

Lithium-ion Dbatteries (LIBs) are an integrated part of our
daily life used in cell phone, laptop computers, and hybrid
vehicle. The LIBs are composed of graphite anodes and Li
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means weak binding strength and low
energy density. To go beyond LIB, the
community has worked on noninterca-
lation based Dbattery.?l The rechargeable
lithium-sulfur (Li-S) battery is intensely
studied for this purpose. Its theoretical
energy density is 2567 Wh kg™!, which is
3-5 times higher than those of state-of-art
LIBs.B! In addition, sulfur is cheap, earth-
abundant, nontoxic, and environmental friendly element.!
Unlike the LIBs, the Li-S battery works by the formation of
chemical bonds between Li and S. Such bonds are weaker
compared with Li-O bonds in the lithium air battery; hence, it
has smaller theoretical energy density than the lithium air bat-
tery,13° but at the same time, the Li-S reaction it is easier to
manage and control compared to Li-O reaction. Thus, Li-S bat-
tery presents a compromise, which can serve as the first step
to go beyond the LIBs. Given all these promises, there are
however tremendous scientific and technical challenges which
have hindered the commercialization of Li-S batteries®l: 1) The
shuttling effect stemming from the soluble lithium polysulfides
(Li,S,, 4 <y < 8), which causes the loss of active materials and
rapid capacity fading. The intermediate lithiation states are
completely soluble, and actually they can only sustain their
voltages in the solvated states. This will cause the Li,S, to be
decomposed on the Li metal anode and to lose capacity of the
system; II) the insulating nature of both sulfur and the final
reduction product Li,S, which impedes the lithiation process;
and III) the 80% volumes change during cycling process,
which causes structural damage and mechanical instability.
One common method to address II) and III) is to use highly
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mesoporous conducting hosts to introduce electric conductivity
and to buffer the volume change. For this purpose, the conduc-
tive porous carbon materials’! are often used. However, the
weak interaction between nonpolar carbon and pure sulfur or
Li,S, make it difficult to be used as an adhesive material to pre-
vent Li-polysulfide dissolution (challenge 1).B] To address this
challenge, sometimes cage-like electrodes are used to physically
encapsulate S molecules and clusters.”) However, such physical
encasement is difficult to realize and to be made stable.l'%
Another possibility is to bind the Li,S, to a metal oxide sub-
strate with strong adhesion,['! so it will be prevented from dis-
solution thermodynamically. The key is to keep the high-energy
density despite the added weight of the substrate and the strong
binding to the substrate. In this regard, the bulk substrate with
small surface/volume ratio will be too heavy,11? thus 2D sub-
strates or frameworks will be beneficial. Another advantage of
using a 2D substrate is to provide electric conductivity.'? On
the other hand, transition metal can be used as an anchoring
point for pure sulfur and Li,S,. For this regard, porous metal-
organic framework (MOF) materials have been used.l** Unfor-
tunately, the MOF does not provide the necessary electric
conductivity, thus some other electric binders must be added,
which increase the complexity of the system.] What needed is
a system, which is 2D, or 3D porous structure, contains transi-
tion metals and is also electrically conductive. Recently, a new
class of material named 2D coordination polymer: 2D hexaam-
inobenzene-based coordination polymers (2D-HAB-CPs), has
been synthesized.[5! Tt consists of transition metal coordinately
bonded with a small unit of conjugated polymer formed by
C and N elements. Unlike the MOF, this system is electrically
conductive, thus it satisfies the above criterions, combining
the merits of both the porous carbon materials and MOFs as
the Li-S battery cathode.'>'®] More excitingly, Bao and co-
workers have experimentally proved that the 2D-HAB-CP can
exhibit high volumetric and areal capacitance as a Li-cathode
material.'’) However, that work used the 2D-HAB-CP as it is,
without the addition of S. Thus it is not a sulfur battery, and
the energy density is relatively low. In the present work, we will
theoretically investigate the use of 2D-HAB-CP as a Li-S battery
cathode by adding sulfur atoms on the substrate.

Even though tremendous achievement has been made
experimentally in the performance of Li-S battery, theoretical
studies in this area are lagging behind.'¥ Part of the reason
is the complexity of the Li-S systems. Unlike the LIBs, which
happen in the crystal structure, the Li-S reactions have much
more complex configurations. Direct first principle molecular
dynamics simulation cannot be run long enough to direct
simulate the reaction process. Thus, one has to search for
the global minimum structures. The effects of solvent further
complicate the issue.l!”) Li* is a highly polarizable ion, with
strong ion-solvent interaction energy. Some of the commonly
available solvent models diverge in this system. This makes it
difficult even to study the energies of the isolated Li,S, mole-
cule in the solvent. In this work, we developed an ab initio
approach based on density functional theory (DFT) to study
the Li-S battery energetics on 2D-HAB-CP substrate. At first,
specific ion—solvent interaction parameters are developed for
our continuum solvent model based on the experimental dis-
charging voltage data for the Li,S, molecule in the electrolyte.
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Then the global minimum configurations are searched through
an in-house developed genetic algorithm search code for the
structure of Li,S, on top of 2D-HAB-CP. The reaction ener-
getics is analyzed based on the DFT calculations. We found
that the transition metal atoms in 2D-HAB-CP can effectively
capture the sulfur atoms, while the two-coordinated nitrogen
edges atoms are preferred sites for Li binding during the
charge/discharge process. With sufficient Lithium, the system
demonstrates a layer structure with alternating Li and S atoms,
which resemble that of the bulk Li,S. The highest energy den-
sity is about 1395 Wh kg™!. Besides, the 2D-HAB-CP can sig-
nificantly reduce the dissolution of Li,S,, although it does not
completely block it on the thermodynamic ground. Perhaps
a changing of the transition metal like V or Cr can further
improve this aspect.[®2%] Finally, the system shows excellent
electric conductivity throughout the lithiation process. As for
the volumetric change of the system, we have introduced a
2D-HAB-CP/S/2D-HAB-CP sandwich structure. Preliminary
tests show that its volume change during lithiation is as small
as 3%, rivals that in LIB.

2. Computation Details

All calculations were performed using DFT coded in the PWmat
code.?!l The exchange—correlation interactions were treated by
the generalized gradient approximation?”! in the form of the
Perdew—Burke-Ernzerhof functional.?’! The Van der Waals
interaction was described by using the empirical correction in
Grimme’s scheme, i.e. DFT+D,.2* The spin = 2 polarization was
used in all the calculations. The electron wave functions were
expanded by plane waves with cut-off energies of 680 eV, and
the convergence tolerance for residual force and energy on each
atom during structure relaxation were set to 0.005 eV A~! and
107 eV, respectively. The vacuum space was more than 20 A to
avoid the interaction between periodical images. The Hubbard
U (DFT+U) treatment was used on the transition metal. The U
value for Mn was set to 3.06 eV following the literature value.*’!
The solvent effects were simulated with implicit charge polariz-
able solvent model,1?®l which uses fixed ion charge to define the
onsite of the dielectric function. We found that the self-consistent
continuum solvation model model?”! was difficult to converge
for the case of Li. The solvent dielectric constant used in the
solvent model is fit to be 7.8 to simulate the solvent effects of
1,2-dimethoxyethane(DME)/1,3-dioxolane(DOL) (1: 1, v: v). The
choice of other solvent model parameters will be discussed later.
The model is efficient to include approximate solvent effects
where the solvent is not an active constituent in the reaction or
process.?8! So, no explicit solvent molecules are present in our
calculation. For crystal calculations, the solvent model should
not be used. More details of free energy calculation can be found
in the Supporting Information. In the solvent, the adsorption
energy of polysulfide is defined by following Equation (1):

Eads = Eploysulﬁde* (a(l) —E- (aCI) - Eploysulﬁde (aq) (1)
Here, * represents the Mn-HAB-CP, and aq is the solvent

effects (with solvent molecule surrounding the whole system)
is included in our solvent model.
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Figure 1. a) The geometric structure of Mn-HAB-CP monolayer. b)The band structure of Mn-
HAB-CP monolayer along the high symmetry I-K-M-I" directions and the associated Brillouin

zone. The Fermi energy in the band structure is at 0.

3. Results

Figure 1a presents the configuration of the 2D-HAB-CP, which
has been synthesized using the “bottom-up’ method.>] The
stability of it was tested by ab initio molecular dynamics simu-
lation at 300K for about 1000 fs. As shown in Figure S5 in the
Supporting Information, although there is some small warping,
the overall structure is intact. We believe this shows the stability
of the synthesized 2D-HAB-CP, confirming the experimental
synthesis of this material. The unit cell of 2D HAB-CP consists
of three equivalent TM atoms (linkers) in a hexagonal honey-
comb lattice. Each TM atom is surrounded by four N atoms
forming a square planar arrangement of nitrogen-coordinated
metal macrocycles. Based on our initial calculation, the inter-
action between Sg and transition metal will weaken with the
number of d-electrons and the late transition metals, such as
Zn, cannot capture the Sg firmly which is confirmed by previous
work as well.?%) On the other side, the 2D hexaaminobenzene-
based coordination polymers with early transition metal atoms,
like Sc or Ti, cannot maintain metallic nature due to the lack of
spare d-electrons for d—p-r conjugation. Therefore, Mn, in the
middle of the transition metals, is chosen as the compromise
TM linker to investigate the potential of Mn-HAB-CP in the
Li-S batter application. The metallic nature of Mn-HAB-CP, due
to the effects of d—p—m conjugation, is confirmed by the no-gap
band structure shown in Figure 1b. The band structure has a
relatively large dispersion at the Fermi energy, which indicates
band-like charge transport, instead of localized state hopping.
Before the calculation of Li polysulfides binding with the
substrate, it is necessary to first study the Gibbs-free formation
energy of the Li,S; molecules in the electrolyte. In the experi-
ment, the Li-S battery operator in the in electrolyte solvents,
such as DME or DOL. One of the problems of Li-S battery,
the shuttle effect, is caused by the dissolution of lithium poly-
sulfide (Li,S,, 4 <y < 8) in the solvent. However, it is a long-
standing challenge to theoretically predict the solvent behaviors
of polysulfide and to calculate the solvated Gibbs formation
energies of these polysulfide.l'>3% In our calculation, the charge
polarizable solvent model with a fixed ion charge to determine
the dielectric function profile is used to represent the solvent
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effect. Nevertheless, the onsite distance of
the dielectric screening from the Li nuclear
is a critical parameter which determines the
solvation energy. Unfortunately, at this stage,
direct ab initio calculation with the default

=S

e Spin up
= Spin down|

I

parameter for the solvation model does not

provide accurate solvation energy. To solve
this problem, we have used experimental
results to fix our solvent model parameter.

S Experimentally, the charging/discharging
><> voltages for the stage from Sg to Li,S, are
i > known. Since the Li,S, (4 <y < 8) is dissolved

in the solvent as molecules, these charging
I M K r

voltages effectively provide the Gibbs-free
formation energies of these molecules in the
electrolyte (The conversion method between
calculated Gibbs-free formation energies
and experimental voltage can be found in
Section 2 in the Supporting Information).
We can thus adjust our solvent model parameter to reproduce
the experimental curve.3!l Note that, the states of Li, Li,S, Li,S,,
and Sg are all in solid crystal form, thus there is no solvent
effect. As a fit, we have chosen an ion-charge induced dielectric
profile parameter of 7.8 in the PWmat implementation in order
for our solvent model to agree with the experiment as shown in
Figure 2. The induced polarization charges of Li,S, (4 <y < 8)
are shown in Figure S1 in the Supporting Information. The
experimental formation energies converted from the experi-
mental charging/discharging voltages!*>3! are shown in Figure 2
as the dashed line. We find that the experimental formation
energy of final production (bulk Li,S, —1.47 eV per atom) can
be obtained by the most stable o~octasulfur and Li crystal

1
structuresl®! [gsg(s)+Li(s)% Li,S(s)] . There are some debates
for the existence of Li,S, and its structure in the solvent.’%

Using the fitted solvent model parameter, the formation energy
of one Li,S, molecule in the solvent is only —0.74 eV per atom, far
higher from the experimental value (-1.14 eV per atom). We also
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Figure 2. The computational Gibbs-free formation energies of some key
polysulfide per atom involved in different lithiation stages in the vacuum
(black line) and DME/DOL (v:v, 1:1) electrolyte (blue line). The experi-
mental formation energies converted from the experimental charging/
discharging voltages are present in the red dash line as a reference.
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Figure 3. The adsorption energy of isolated Sg, and Li,S, molecule on
Mn-HAB-CP in the vacuum (bars without patterns) and solvent (bars with
net pattern).

find that, no matter what parameter we use, we cannot obtain
a good fit of Li,S, energy to the experiment if it exists as a dis-
solved molecule. On the other hand, if the bulk crystal structure
as predicted by Yang et al.?*l is used for Li,S,, the formation

1 . .
energy will be —1.04 eV per atom [Zss(SHLl(S)—)leSz(S)],

which is close to the experimental value. This can be viewed
as a peripheral proof the Li,S, should exist as a crystal or
large cluster in the solvent, consistent with the conclusion of
a recent molecular dynamics simulation.2>3# For Li,S,, Li,S,

and Li,Sg clusters %SS(SH Li(s) — Li,S,(aq),4 <y <8], the

formation energy in the vacuum can be higher than that of the
experimental values by 0.5 eV per atom indicating the impor-
tance of the solvation energy. After including the solvent effects,
the biggest difference between the theoretically predicted for-
mation energy and the experiment is about 0.1 eV per atom.
The overall agreement between experiment and theory is good,
in line with the general accuracy of the DFT calculations.
Haven fixed the solvent model, we can now estimate
the binding of Li,S, (4 <y < 8) to the Mn-HAB-CP in the
solvent. We have calculated the Li,S, Li,S, and Sg binding
on Mn-HAB-CP in the vacuum environment, while Li,S,
(4 £y <8) in both solvent and vacuum environments (Figure 3).
The Sg molecule binds on top of one Mn atom with an adsorp-
tion energy of —0.78 eV, indicating that it can be absorbed and
melt on the Mn-HAB-CP substrate due to the existence of the
transition metal. It was found that, in pure carbon nitride 2D
systems, the Sg will not bind to the substrate.l3? For Li,S, the
S atom is bind on the Mn site, while each Li atom is grasped
firmly by two nitrogen atom. The adsorption energy of Li,S
molecular on Mn-HAB-CP is as high as —2.60 eV, which is
—1.46 eV stronger than it on graphene (see Figure S2 in the
Supporting Information) and comparable with that on 2D tran-
sition metal disulfides.>® The other polysulfides also show
similar adsorption behavior on Mn-HAB-CP and exhibit strong
binding strength. The adsorption energies of Li,S,, Li,Ss, and
Li,Sg are —1.80, 1.63, and —2.32 eV respectively when measured
in vacuum. In the solvent, the bonding distance of polysulfides
from the Mn and N anchoring atoms increase slightly and the
adsorption energies reduce to —0.62, —0.59, and —0.75 eV for
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Li,S,, Li)Se, and Li,Sg, respectively. These negative adsorption
energy values indicate that the polysulfides prefer to be
adsorbed on the Mn-HAB-CP rather than being extricated in
the solvent. Therefore, the high ratios of both Mn and N atoms
in Mn-HAB-CP enable it as a bifunctional host for lithium poly-
sulfide, which not only captures and but also electrically acti-
vates the insolating Sg.

To further study the lithiation process, we first place one Sg
molecular per unit cell on Mn-HAB-CP then gradually add Li
atoms to the cluster to form Li,Sg until 20 lithium atoms have
been added. The global energy minimum structures of Li,S,
binding to the 2D coordination polymers are obtained using
our in-house code, which implements the genetic algorithm
to find the global minimum.% For each generation, the DFT
relaxation of the populations is performed with PWmat. The
process of our global minimum structure search code is pre-
sent in the Figure S3 in the Supporting Information. The global
energy minimum configurations are shown in Figure 4a-t.
In the beginning, when there is no Li atom, the Sg is attached
to the Mn as shown in Figure 3. The first lithium atom opens
the Sg ring with one S atom binding on a Mn atom and the Li
atom binding on a nitrogen atom (LiSg, see Figure 4a). With
the second lithium added, the Li,Sg cluster is in a dumbbell
shape with two S, isomers at each end. The third added lithium
will bridge between the end of one S, isomer of Li,Sg and two
nitrogen atoms of Mn-HAB-CP (Li;Sg, see Figure 4c). In the
Li,Sg and LisSg, the S, isomers are divided by lithium atoms
into smaller ones, like S,, and S;. With more than six lithium
atoms, Li,Sg (6 < x < 11) forms parallel 1D wires. The S isomers
larger than S, disappear. When the lithium number is larger
than 11, the 1D Li,Sg wires interweave into a 2D three-layers-
sandwich like structure: two lithium layers and one sulfur layer.
The S, dimmers observed in earlier structures are melting into
isolated S atoms gradually forming the middle layer of the
sandwich framework with two layers of lithium atoms exposed
(see Figure S5 in the Supporting Information). One lithium
layer attaches to the Mn-HAB-CP firmly and there is no Mn-S
binding remaining.

The above configurations only consider Li,Sg at one side of
Mn-HAB-CP. In reality, both sides can attach Li,Sg simultane-
ously. To study that, we have added another Li;sSg cluster on the
other side of the Mn-HAB-CP-Li,,Sg structure to fully explore
the Li-S battery potential. This Li;sSg cluster forms another
2D sandwich framework on the other side of Mn-HAB-CP (see
Figure 4u,v). We do find that, if Li,Sg is added to the other side
of Mn-HAB-CP-LiySg, the structure becomes unstable.

Figure 5a plots the formation energy of Li,S, on Mn-HAB-
CP as a function of the number of Li in the solvent. The forma-
tion energy is calculated as in following:

Eform = ELing*“ - ESS* - xELl bulk per atom (2)

Here, Ej; s+ and Eg. are the total energy of Li,S, on Mn-
HAB-CP, and Sg on Mn-HAB-CP calculated in the solvent,
respectively. By pulk per atom 18 the energy per Li atom in its bulk
form. Remarkable, the formation energy of Li,Sg is almost a
linear line of the number of Li. The linear formation energy
as a function of the lithium atom indicates a constant voltage
(1.74 V) during the charge and discharge process, a very good
feature and a significant advantage compared to other cathode
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Figure 4. The optimized stable structure of Li,S, adsorbed on Mn-HAB-CP obtained via genetic algorithm global search. The side views of these
structures are shown in Figure S3 in the Supporting Information. The isolated, linear, and meshed Li,S, are distinguished by green, yellow, and red

background color, respectively.

materials for battery design. This linear behavior only bends a
little when the number of Lithium atom increases to 19 and
20. The overall the total formation energy of Li,;Sg on Mn-
HAB-CP in the solvent is —33.65 eV. This value reaches to
—65.67 eV when we add another Li;4Sg cluster on the other
side of Mn-HAB-CP. The energy density of Li,S, on the Mn-
HAB-CP with solvent effects at different lithiation stages are
shown in the Figure 5b. The energy density is 310 Wh kg™!
with only five lithium added (Li5;Sg). With ten lithium added,
the energy density is 565 Wh kg1, which is comparable with
the state-of-the-art Li-S value obtained in experiment.’”] The
energy density increase to 1012 Wh kg™ when only one side of
the Mn-HAB-CP is fully loaded with Li,;Sg, and the value
further reach 1395 Wh kg™ if both side are fully loaded
(Mn-HAB-CP-Li;S1¢).

We next study the ability of the system to prevent the dissolu-
tion of Li-polysulfide. As shown in Figure 3, the binding energy
of the Li,S, and Mn-HAB-CP are all negative in the solvent,
which means the Mn-HAB-CP itself can absorb the isolated
Li,S, in the solvent. However, if we propose to use Mn-HAB-CP-

Ady. Energy Mater. 2018, 8, 1801823
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Sg or Mn-HAB-CP-2Sg as the starting electrode and gradually
lithiated the system, a more relevant question is whether some
Li,S, cluster can be separated from the Li,Sg* or Li,2Sg* system
and to be dissolved in the solvent. Due to the large number of
possible systems and configurations, we have used the Li;(Sg*
and Li,,Sg* as two presentative systems to study the dissolution
stability. Some of the results are shown in Table 1. Here, we
have focused on Li,Sg, Li,Ss, and Li,S, molecules since they can
be dissolved in the solvent. We see that, for 1/2 Li,Ss and 1/2
Li,S, from Li;;Sg* unit, the dissolution energy is slightly nega-
tive, —0.23 and —0.49 eV indicating that Li;,Sg* is thermody-
namically unstable against the dissolution. On the other hand,
the dissolution energy is positive for all the other cases. In par-
ticular, the dissolution energy is extremely large for the case of
one Li,Sg molecule separated from two LiySg*. This is because
what left behind Li;oS,* is a rather high-energy structure with
too many lithium atoms but a small number of S atoms. We do
caution that the dissolution can be a complicated process with
many more possible configurations than the one considered
here. In future, more detailed and comprehensive studies are

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) The overall formation energy of Li,S, on Mn-HAB-CP as a function of the number
of Li in the solvent (in red color). The fit equations are plotted in black dash-dot lines. b) The
energy density of Li,S, on the Mn-HAB-CP with solvent effects at different lithiation stages.

necessary. For the small negative dissolution energy cases, we
also note that such energy is much smaller than the original
Li-S battery, where the Li,S, cluster for (4 <y < 8) has to be
dissolved into the solvent in order for the lithiation process to
continue. In another word, the dissolved state is one step in its
lithiation process, and the dissolution is necessary in order to
reach the final reduction result (and it also serves as a way to
conduct the electric current). In our case, the situation is dif-
ferent. Even though thermodynamically it is not stable against
the dissolution in the early stage of the lithiation, it is stable
in the later stage of the lithiation, and in order the carry out
the discharge at a constant voltage, the intermediate states do
not need to be dissolved. This means the kinetic process might
be very different from the original Li-S design. Nevertheless,
this is an important question worth further study in the future.
Other improvements might be possible to enhance the stability,
for example, using other transition metal, e.g., V, to replace
Mn to have a larger binding energy with S. Perhaps longtime
molecular dynamics simulation can also be used to directly
monitor the behavior of discharging process.

As discussed in the introduction, conductivity is another crit-
ical issue for a good cathode in Li-S battery. We have shown in
Figure 1b that pristine Mn-HAB-CP is metallic in the vacuum.
The electronic properties can change in solution or after it
absorbs Li-S clusters. The Figure 6 presents the band structure

Table 1. The separation energies of Mn-HAB-CP-Li,S, (Li,S,*) into dis-
solved Li,S, and the remaining Mn-HAB-CP bounded cluster. The total
energies of Mn-HAB-CP-Li;¢Sg and Mn-HAB-CP-Li,(Sg are set to be zero.

LiyoSs* LigS4*+1/2Li,Sg LigSs*+1/2Li,S¢ LigSe*+1/2Li,S4
0 0.59 -0.23 —-0.49
LizoSs* LiygS4*+1/2Li,Sg LiyoSs*+1/2Li,Se LiygSe*+1/2Li,S,
0 13.86 10.31 6.24

*: Mn-HAB-CP.
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of various Li,S,* in the solvent. With LisSg
on the Mn-HAB-CP, the system is metallic.
When Li;(Sg is absorbed on Mn-HAB-CP, a
small band gap of 0.28 eV is open up. This
small gap is closed slowly as the lithium
number increase. In case of Li,,Sg, the band
gap is only 0.07 eV. In addition, with Li,S,
clusters loading on both side of Mn-HAB-
CP (Li3S;6*), the system is metallic. In the
real experimental situation, the Li-S clusters
will be loaded on both sides of Mn-HAB-
CP simultaneously. We expect the system is
always metallic or very close to metal.

In above, we have addressed two of the
three challenges facing Li-S battery, the dis-
solution of Li-polysulfide, and the insulating
nature of the cathode material. Another chal-
lenge is the volume expansion. So far, we
have only studied systems with Li-S absorbed
on the two sides of Mn-HAB-CP. The system
is essential 2D. If the system is always 2D, its
volumetric capacity will be rather small. One
approach to solve this problem is to construct
a 3D porous system, or mix Mn-HAB-CP 2D flakes with other
conductive binders like carbon black. Here, we briefly intro-
duce a design which sandwiches the Li-S layer with two layers
of Mn-HAB-CP. As a matter of fact, it can be stacked up into a
periodic 3D system with artificial layer structure. Such a design
not only can increase the volumetric capacity and it also has a
potential to prevent the dissolution problem discussed above.
While a full exploration of such a system deserves a separated
detailed study, especially for the ability to diffuse the Li into
such a 3D structure, here we like to focus on one interesting
issue: the volume expansion of the system upon lithiation. As
shown in Figure 7, in the starting electrode Mn-HAB-CP-Sg,
the Mn-HAB-CP/ Mn-HAB-CP interlayer distance is 6.34 A
(see Figure 7b). However, when 20 lithium atoms are added to
each Mn-HAB-CP-Sg, making it Mn-HAB-CP-Liy,Sg, the Mn-
HAB-CP/ Mn-HAB-CP distance only increases to 6.51 A. Thus,
there is only 2.7% lattice constant increase in the z-direction.
This is rather remarkable and the distance increase is similar to
that of the LIB battery.

Li, Sy LiyS,s Theoritical

4, Conclusion

The 2D hexaaminobenzene-based coordination polymers have
been investigated as Li-S battery cathode via DFT calculation
in combination with in-house developed charge polarized
solvent model and genetic algorithm global structure search
algorithm. The parameters of the solvent model are fixed by
comparing the Li,S, (for y = 4,6,8) molecule energies in the sol-
vent with the experimental charging/discharging voltages. For
a given chemical formula compound, the genetic algorithm is
used to find the minimum energy configuration. Through our
theoretical studies, we have the following conclusions: 1) The
pristine Mn-HAB-CP will absorb Li,S, molecules from the sol-
vent, and the transition metal will also absorb Sg molecule to its
surface to be bonded with the Mn atom; 2) with more lithium

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Li,S, (y = 4,6,8) molecules, the system could
be thermodynamically unstable at the inter-
mediate stage as for Mn-HAB-CP-Li;(Sg.
Further studies are needed to address this
issue, especially for the kinetic path of the
molecule dissolution, or to find ways to
increase the S-substrate-binding energy;
5) the electrode is metallic throughout the
charging/discharge process, hence solving
the insulating problem in the original Li-S
battery set-up; and 6) a sandwiched design
is proposed, which changes the 2D elec-
trode into a 3D system, hence provides suf-
ficient volumetric capacity. It is found that
the vertical expansion of the system after
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Figure 6. The band structures of Mn-HAB-CP with Li,S, clusters (Li,S,*) along the high sym-
metry I'-K-M-T" directions in the solvent. The associated Brillouin zone is shown in Figure 1. The

Fermi energy in the band structure is at 0.

atoms added to the Mn-HAB-CP-Sg or Mn-HAB-CP-2Sg
system, the Sg will be broken into smaller and smaller pieces.
Different structure patterns will be formed, from parallel
wires eventually to Li-S alternating layer structures resemble
that in crystal Li,S. In the fully lithiated structures, there is
no more Mn-S bond, instead, Li layer will be first bound with
the Mn-HAB-CP, followed by the S layer. Li atoms are bonded
with the two-coordinated edge N atoms; 3) the lithiation for-
mation energy is almost a straight line of the number of Li
atoms, indicating a constant voltage of about 1.74 V for the
whole charge/discharge process. The final energy density for
the Mn-HAB-CP-Li,(Sg-Li;4Sg final product is 1395 Wh kg};
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c) The color codes of elements refer to Figure 4.
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full lithiation is only 3%, rivals that of the
LIB systems. Besides, such design could
also provide a kinetic barrier for Li,S, disso-
lution. All our findings show that Mn-HAB-
CP could be a potentially promising Li-S
cathode material, and offer a new computa-
tional framework to investigate the Li—S bat-
tery and other processed with solvent effects.
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