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Asolid 3D Li-S battery design via stacking 2D conductive microporous
coordination polymers and amorphous Li-S layers

Guoping Gao, Fan Zheng, Lin-Wang Wang*

Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720,
USA. E-mail: lwwang@Ibl.gov

Abstract

In order to make a Li-S battery practical, not only high gravimetric energy capacity is important,
high volumetric energy capacity will also be required. The currently explored Li-S cathode
designs often deploy systems with liquid electrolyte infiltration, hence with relatively low
volumetric capacity. In the current study, we theoretically test a compact solid 3D design (more
like a Li-ion battery cathode than a conventional Li-S cathode) consisted of a sandwich structure
alternating between the 2D Mn-hexaaminobenzene-based coordination polymers (2D
Mn-HAB-CP) layer and amorphous Li-S layer. We study the theoretical limits for both its
gravimetric and volumetric energy capacity, as well as its structural stability and Li diffusion
within the cathode system. In order to study the Li diffusion within an amorphous system, we also
develop a pull-atom molecular dynamics (PA-MD) to calculate the barrier heights of such
disordered systems. We reveal the mechanism which determines the Li diffusion in the amorphous
layer of the system. Overall, we find such 3D solid Li-S cathode can be practical, with sufficient
large gravimetric and volumetric energy capacity, as well as the Li diffusion constant. It also
solves many other common Li-S cathode problems, from Li polysulfide dissolution to electrical
insulating, and structure instabilities.

Introduction

Li-S battery that coupled natural-abundant and environmental friendliness sulfur positive
electrodes (cathodes) with lithium negative electrodes (anodes) is regarded as a promising
next-generation electrochemical energy storage system due to its potential of high density
gravimetric and volumetric energy storages (2600 Wh/kg and 2800 Wh/L) at low cost!. However,
the insulating nature of sulfur and the solid-state reduction products (Li»S; and Li.S) limit the
sulfur utilization?. Furthermore, the soluble intermediate polysulfide species produced from the
cathode can migrate through the liquid electrolyte to react with lithium on the anode, resulting in
fast capacity fading, low Coulombic efficiency, and poor cycle lifed. In practice, there is a
dilemma between the insulating nature of the bulk sulfur and the adverse effects of polysulfide
dissolution. On the one hand, to overcome the insulating nature of the bulk sulfur, it is necessary
to dissolve the intermediate polysulfide species, so the discharging process can be completed. On
the other hand, the dissolution can cause all the problems mentioned above. This calls for new
cathode designs beyond the simple bulk sulfur electrode. In addition, the large volume change
(80%) during the cycling process taking place in sulfur cathodes can cause structural damage and
mechanical instability*.

To address the above problems, the research community has worked on novel Li-S cathode
materials and designs. Infiltrating molten sulfur into porous conductive carbon materials has
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improved the capacities and cycle lives of Li-S batteries®. However, merely spatially encaging the
lithium polysulfide (LiPS) by carbon is not sufficient to suppress it diffusion®. To address this
issue, sulfur host materials with strong chemical binding with LiPS, such as graphene oxides®,
graphene nitride’, functional polymeric binder®, are investigated to prevent LiPS from dissolution
thermodynamically. Metal-organic framework (MOF), with metal atoms to realize stronger
binding with LiPSs, high surface area, and tunable porosity, can potentially suppress the LiPS
diffusion as well as alleviates the volume change during the cycling process®. However, their low
electrical conductivity is a major shortcoming, as well as the structural stability. Recently, a new
class of conductive two-dimensional metal-organic frameworks: 2D hexaaminobenzene based
coordination polymers (2D-HAB-CPs), has been synthesized, and are proven to be a
high-performing electrode with exceptionally high volumetric and areal capacitance. In addition,
these materials also exhibit excellent chemical stability in both acidic and basic aqueous solutions,
which allows for their use in low-cost and non-flammable aqueous electrolytes. These characters
make HAB-CPs a potential cathode material for Li-S battery.

All the above designs, either sulfur in porous carbon materials, or LiPS chemical binding with 2D
films or polymer binders, depend on the intrusion of liquid electrolyte directly inside the cathode,
or in touch with the surface of 2D films. Such designs can suffer from the low volumetric capacity.
For example, the gravimetric energy density of Li-S battery developed by OXIS Energy Ltd has
achieved 400 Wh/kg in practice and is expected to reach 500 Wh/kg in near future, which is twice
that of the state-of-the-art lithium-ion batteries (LIBs)'?. However, its volumetric energy density
(~330 WHh/L) is far less than that of LIBs®. In order to make a Li-S battery practical, a surface
sulfur loading of 5 mg/cm? will be necessary*. For the 2D-HAB-CPs systems mentioned above?®,
this corresponds to ~50000 layers of materials. It is difficult to reach this goal if only loose 2D
flakes are submerged in liquid electrolytes. One important question is then: whether it is possible
to design a solid 3D Li-S cathode, which retains the strong binding between Li and S atoms, hence
the high gravimetric energy density, but also has the spatial compactness of a 3D solid, thus will
also have the high volumetric capacity. Such a compact design will necessarily extrude the liquid
electrolyte outside the cathode and involve quasi-solid state reactions during the lithiation as
observed in ultramicroporous carbon systems?®, therefore avoiding the dissolution of polysulfides.
However, the ability of the Li-ion diffusing inside the 3D cathode becomes critical. Since Li-S
forms a weak covalent bond, the Li diffusion inside such a 3D material involves the breaking and
forming of such covalent bonds in strong contrast of LIBs in which intercalation is the main
binding mechanism. It is thus doubtful whether the Li-ion in such a cathode can be mobile at all.
In the design of such 3D sulfur electrode, one might attempt to find some 3D crystal structures.
However, most such crystal structures have their S already bonded with other cations, thus it is
difficult to change their valence states and to bind additionally Li (e.g., in many sulfide-based
solid electrolyte)'®. One approach is to keep the nature of LiPS, which is to exchange between the
S-S bond and Li-S bond during the lithiation process. In practice, this might involve S-S chains or
clusters, thus it is likely an amorphous structure. Another concern is the volume expansion of such
a system after lithiation. It is important to keep the volume expansion under a few percent in order
to have a good mechanical stability of the battery. Finally, the electrical conductivity inside the 3D
structure is always critical.



In this work, we propose a 3D Li-S battery cathode design. This is based on the 2D-HAB-CP
material studied in our previous work!’. Here, instead of having only one layer of 2D-HAB-CP
with Li-S cluster anchored on the surface, we design a 3D sandwiches structure with alternating
2D-HAB-CP layer and Li-S amorphous layers as shown in Fig.1. The binding of the S or Li-S
cluster to the transition metal in 2D-HAB-CP layer helps to stabilize the 3D structure, and also
prevent the Li-S from aggregating into isolated chunks. As shown in our previous work?'’, the
chemical binding strength of Li-S to the 2D layer is just strong enough to prevent their dissolution
thermodynamically. In the new 3D design, this aspect is further improved by the physical
confinement of the Li-S within the sandwich layers. The electrical conductivity of 2D-HAB-CP
framework guarantees the whole electrode is conductive. The binding between Li-S basically
keeps the original nature of LiPS, it can thus provide high gravimetric capacity. There are two
challenges to theoretical study the proposed system: (1) structure stability during lithiation; and (2)
Li diffusivity inside such an amorphous material. For the first challenge, we have used our genetic
algorithm searching approach which is also used in our previous study’. Here, in searching the
Li-S structure within the layer of 2D-HAB-CP, we have fixed the 2D-HAB-CP layer while using a
mating algorithm to generate the new configurations of the amorphous Li-S structure. The detail is
described in Fig.S1. Li diffusion can be calculated in several approaches. The direct approach is
via ab initio molecular dynamics (MD), thus the diffusion distance square as a linear function of
the time will give us the diffusion coefficient as the slope of the linear curve!®. However, this
method will only work when the diffusion constant is relatively high like in solid electrolyte, so
MD with a few picoseconds will be sufficient to observe the diffusion. In some systems (e.g., solid
electrolyte), one can use higher temperatures to accelerating the diffusion, and using Arrhenius’s
law to extrapolate to low-temperature diffusion (assuming only one diffusion barrier play an
important role throughout the temperature range)!®. Unfortunately, in our system, too high
temperature can melt our system, causing a phase transition into another state. Another common
approach is to use the nudged elastic band (NEB) method to calculate the diffusion barrier height*®.
This, however, is only practical when the minimum energy atomic configures before and after the
transition are known. This is thus often used for crystal systems where the path of the Li diffusion
is already known. A more general method is kinetic Monte Carlo (MC) method with on-the-fly
generation of transition path using dimmer method to explore all possible transition path?’. While
this is more robust, it is also more time consuming and requires the set-up of a major workflow
framework. In a constrained MD, a geometric constraint (e.g., distance between two atoms, or
simply the position of an atom) is enforced by an additional Lagrangian multiplier. The amplitude
of this multiplier () is solved every step in the MD to ensure the MD trajectory will satisfy the
constraint(reference?). Usually, the force related to this constraint, not the force on the
surrounding atoms, is used to carry out some thermal dynamical integration to get the free energy
difference between two states where two different constraints exist. It assumes the surrounding
atoms (e.g., solvent molecules) reach an equilibrium. In a solid, the surrounding atoms certainly
do not reach a true thermal dynamic equilibrium. Therefore, it is not clear whether one can use
constrained MD to reveal the barrier height. Finally, one can use a metadynamics to estimate the
free energy along a given reaction path?’. However, for an amorphous system which is
homogeneous in an average sense, it could be difficult to sample the reaction path to get the
barrier height. In the current study, we propose a new dynamics method (to be called pull-atom
molecule dynamics, PA-MD), where an external artificial force is applied to one atom (Li), to



force it to move along a direction. A local thermostat is applied to the atom, so it will have
sufficient random kinetic energy to explore the local environment, while keeping the other atoms
in the system cool (to reduce the statistical noise, and to prevent the whole system from melting).
The potential energy of the system along the MD trajectory is then analyzed to reveal the barrier
height. We will show that this method allows us to estimate the diffusion barrier height. In a
simple case like solid crystal, it yields the same result as the NEB method. We believe this
approach can also be used to study other amorphous systems.

Our theoretical study can provide answers to whether such a compact 3D system design direction
is a good approach for Li-S cathode design, and what are the main challenges in such design.
Through our theoretical calculation, we found that depending on the degree of lithiation, the
Z-direction interlayer distance can change from a few percent to 20%. The Li mobility inside the
material, although much less than that of LIB materials like LINiMnCoO (NMCsz; and NMCsss),
it can be better than other Li cathodes like LiFePOs, and similar to LiNiosMn1s04 and even close
to some of the solid electrolytes, e.g. LLZO?%. Overall, our study indicates that such compact 3D
Li-S cathode could be practical.

Computational details

All calculations were performed using planewave DFT calculations implemented in the PWmat
code?® with norm-conserving pseudopotential. 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,?. 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 A1 and 102 eV, respectively. 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 structure of the system is designed by stacking up 2D Mn-HAB monolayers, while inserting
LixSs between the layers. We treat Z-direction (stacking direction) as periodic. One unit cell of 2D
Mn-HAB (one hole in Fig.1 (a), or say 3 Mn atoms) will have one LixSgs. To yield the atomic
configuration of the system for a given LixSs (X ranges from 5 to 20), we have used genetic
algorithm scheme to search the possible structures. An in-house code is used which implements
the genetic algorithm to find the global minimum?’. The process of our global minimum structure
search method is present in Figure S1 in the Supporting Information. To evaluate the volume
expansion, we assume the lattice parameter in X- and Y-axis are constant, which is determined by
the lattice constant of 2D Mn-HAB, and adjust Z-axis value manually in the global minimum
structures search to obtain the most energy-favorable Z-lattice value as shown in the figure 1.
Therefore the volume expansion can be obtained by comparing the Z-lattice values in different
discharge stages.

In order to calculate the energy density during the lithiation process, it is necessary to calculate the
formation energy of different intermediate species as the following:



Eform = ELix58 on Mn—-HAB — ESg—Mn—HAB - xELi bulk per atom (1)

Here, Ey; s, on Mn—nap, and Es,_yn_pap are the total energy of LixSs on Mn-HAB, and Sg on
Mn-HAB, respectively. Ej; puik per atom 1S the energy per Li atom in its bulk form. The
gravimetric energy density and volumetric energy density is calculated by equation (2) and (3),
respectively:

Egravimetric energy density = Eform/m (2)

Evolumetric energy density = Eform/V (3)

Here, m and V is only the mass and volume of cathode materials LixSs-Mn-HAB but does not
consider the mass and volume of other parts of the battery, respectively.
To calculate the diffusion constant, we use a 3D random walk formula 22 as following:

d2

Where, d is the average jump length and 7 is the average jumping time which is expressed as:

% — ve—AE/kBT (5)

Where v is the effective frequency of the jumping atom. This v is estimated by the oscillation
frequency of Li towards the direction of the hopping. ve~2E/k8T s jump rates governed by the
Arrhenius expression. AE is the average migration barrier of Li, which will be calculated later by
our special AP-MD in the NVT ensemble. Therefore, equation 4 can be written in the following
form:

d2pe—AE/kpT

b="—"%— ©)

Results
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Figure 1 the top view and side view of 3D Mn-HAB, and Sg, LisSs, Li1oSs, Li1sSs and LizSs in this
fabrication. The * represents the Mn-HAB. The bond length cut-off for Mn-S is 2.4 A, for N-Li is 2.4
A, for S-Siis 2.4A, for Li-S is 2.6 A, and for possible Mn-Li is 2.6 A.

We first show the structural and thermodynamics results before discussing our new procedure to
calculate the barrier height in an amorphous system. Fig la presents the structures of
layer-by-layer 3D Mn-HAB fabrication with a honeycomb lattice. The interlayer spacing is 3.15 A.
The pores with a diameter of 9.53 A are vertically aligned and uniformly distributed in the 3D
Mn-HAB system. The global minimum locations for Sg, LisSg, Li1oSs, Li1sSs, and LixSs between
Mn-HAB layers are searched through an in-house developed genetic algorithm code to simulate
the molecule sulfur and lithiation processes. Their configurations are shown in Fig. 1c -11. With
the one Sg molecule per unit cell, the strong interaction between Mn and sulfur breaks the Sg
molecule into one S; and two S chains, which indicate the Mn-HAB can capture and activate the
insulating Sg efficiently. Meanwhile, these short S chains dramatically increase the interlayer
distance from 3.15 A to 5.65 A. At early lithiation stages (5 and 10 Li atoms per unit), the Li
atoms break S-S bonds into isolated S atoms. As a result, there are 1D horizontal wires grow along
the edge of pores with a few Li-S bonds forming vertically in the pores to connect the 1D wires.
Meanwhile, these wires bind on the Mn-HAB through Mn-S bonds and Li-N bonds to stabilize the
LisSg and Li1oSs clusters in the system. The important roles of Mn-S bonds and Li-N bonds at
early discharge stage can be confirmed by the enlarge view of LisSg* as shown in the Fig S2a,
supporting information, in which the LisSg cluster binds on the Mn-HAB through these two kinds
of bonds. When the Li density increases (15 Li atoms and 20 Li atoms per unit), the coordination



numbers of S atoms are increased to 4 or more (see Table 1). The Li-S bonds inhabit the Mn-S
bonds and the S atoms are terminated by lithium atoms only. Meanwhile, the 1D LixSg wires
interweave into a 2D structure between the Mn-HAB layers, with some of the Li atoms binding
firmly on the nitrogen atoms in the Mn-HAB as shown in the enlarged views of Li»Ss* (Fig S2b,
supporting information), in which no Mn-S bonds are found. with 15 Li atoms, the volume change
of the system upon lithiation is less than 2.65% relative to the Sg-Mn-HAB. When the Li density is
increased furtherly to 20 Li atoms per unit, a Li-S Pillar covered by Li atoms forms in the pore of
Mn-HAB, and surprisingly the interlayer spacing shrinking to 4.54 A. This shrink of interlayer
distance with more Li is due to the moving of Li-S towards the vertical hole region, thus depleting
the Li-S between the layer. This formation of Li-S pillar is only possible with sufficient Li atoms
to connect the Li-S between different layers. Based on our calculation, the LiPSs are amorphous
rather than in periodic atomic arrangement during the lithiation. Such amorphous structures could
be more active than the crystalline ones, as observed experimentally?. In the early stage of the
lithiation process, the coordination number of S to Li atoms is relatively low, thus Mn-S binding is
critical to stabilize LiPS into the solution. At the end stage of lithiation, Li-N bond plays an
important role in anchoring LiPS to the Mn-HAB framework.

Table 1 the number of S atoms with different Li-S bonds (per S atom) coordinations at different
lithiation stages. The Li-S bonds of every S atom are counted with a cut-off distance of 2.60 A.

Coordination Number | LisSs™ LiwoSs" Li1sSs™ Li20Ss"
0 1
1 3 1
2 3 2
3 1 3 1
4 1 7 2
5 1 1
6 4
7 1

Figure 2 plots the gravimetric energy density of LixSs on Mn-HAB as a function of the number of
Li (the dash-dot line). During the initial lithiation process (LisSs-Li10Ss), the gravimetric energy
density slop is small due to difficulty in activating the insulating S. Then slop increases during the
period (Li10Ss-LiisSg), followed by a slight tapering (Li1sSs-Li20Ss). The tapering occurs when the
S atoms are saturated gradually. The total gravimetric energy density of LixSs on Mn-HAB is 825
Wh/Kg. This gravimetric energy density is slightly smaller than what is available in 2D Mn-HAB
(1012 Wh/Kg)Y". The volumetric energy density of LixSg on the Mn-HAB at different lithiation
stages are shown as the pillars in Figure 2. The volumetric energy density is 297 Wh/L with only
five lithium added (LisSg). With ten lithium added, the volumetric energy density is 586 Wh/L.
The volumetric energy density increase to 1076 Wh/L when Mn-HAB loaded with Li;sSs. The
value further reaches to 1652 Wh/L if Mn-HAB fully loaded (Mn-HAB-Li20Ss), which is about 5
times of the state-of-the-art Li-S value obtained by OXIS Energy Ltd'?2. Therefore, the
layer-by-layer 3D Mn-HAB design will sacrifice the gravimetric energy density compared to the
single-layer 2D structure, but it will boost the volumetric energy density to an extremely high
value.
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Figure 2 the gravimetric energy density per LixSg unit on Mn-HAB (right side vertical axis), and the
corresponding volumetric energy density (pillars) as a function of the number of Li.

For battery charge and discharge to occur, there must be a concurrent transfer of both electrons
and ions. The electrical conductivity can be estimated by the band structure of electrodes materials
from our calculations. We show that there is no band gap found from Mn-HAB, Sg-Mn-HAB to
Li1sSs-Mn-HAB, and only a very small electron band gap is found at the end of lithiation (0.09 eV
in LixSs’s case) as shown in Figure S3, supporting information. We expect the system displays
excellent electrical conductivity for efficient lithiation.

Now, we will turn to the study of Li diffusion in the system. Since there is no liquid electrolyte
infiltration, the Li has to be able to diffuse in the system in order to realize the lithiation process.
This could be a general issue for any compact solid-state Li-S cathode design without liquid
electrolyte infiltration. Since the system is amorphous, and the diffusion is relatively slow (for
direct ab initio molecular dynamics simulation), the estimation of the diffusion constant is



challenging. All the conventional methods of ab initio diffusion constant calculations mentioned
above are not applicable to the current problem. In the following, we design a new approach to
estimate the Li-ion diffusion in amorphous systems. In this approach, one atom (a Li atom) is
subject to an artificial external force. Besides this external force, a special Langevin dynamics is
designed, with the equation:
m;R, = F; — yv; + Ry(t) = mya;  (7)

here, y,v; is the frictional force, and R;(t) is the random force. In our special Langevin
algorithm, while all the atoms have the dissipation force with y; equals 0.5 eV*fs/ A2, only the Li
atom with external pull force has the random force R;(t) corresponds to 300K temperature in a
normal Langevin algorithm, while this random force is zero for all the other atoms. This will
effectively heat up this Li atom, while the temperature will gradually cool down away from this Li
atom. The local heating will allow this Li atom to effectively search for minimum transition path
under the pulling force, while the near-zero temperature for atoms far away can avoid the melting
of the whole system, and to reduce the statistical random noise in the potential energy along the
trajectory.
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Figure 3. With an external force (0.5 eV/A in the X-direction) applied to a targeted Li, the potential
evolutions of 3D Mn-HAB-LisSs system via normal Langevin MD (black line) and Langevin PA-MD
with other atoms specified at OK (red line).

We will first use Mn-HAB-LisSg as an example to illustrate this method. The potential energy
evolution (the DFT total energy, without the nuclear Kinetic energy) of the whole 3D
Mn-HAB-LisSg system (with 104 atoms) as a function of the Li migration distance when one Li is
under an external force (0.5 eV/A in the X-direction) in a normal Langevin MD is shown as the
black line in Fig.3, while our special Langevin MD result is shown as the red line. As we can see,



the potential fluctuates dramatically with large amplitudes due to the random movement of all the
atoms in the normal MD. While the fluctuation of the special Langevin dynamics with a local
thermostat is much smaller. The amplitude of the random force on that pull atom is adjusted so
that the measured nuclear Kinetic energy for the pulled atom corresponds to 300K. After this
procedure, the pulled atom will jump from one location to another, and the total potential energy
shows clear bumps from time to time. We like to analyze such bumps together with the atomic
location to figure out the transition barriers. Note that the local temperature provides the ergodicity
for the atom to explore the minimum barrier path, while the external force provides the driving
force for the atom to move along one direction. The potential curve will record the potential
energy along the path, thus provide the potential barrier. If the external pulling force is very small,
and if we can afford to wait for an extremely long time, then we will eventually see the correct
barrier height from the potential energy along the path. A large pulling force might distort the
results by forcing the atom to go through high barrier paths, but a moderate pulling force might at
one hand reduce the transition time, and on the other hand, allow the atom to find the minimum
energy path, thus not skew the result.

To test the robustness of our method, the Li migration barriers on a graphene surface are
calculated by both NEB (b) and our model (a) as shown in Figure S4, supporting information.
During the special Langevin MD with external force in our model, the lithium follows roughly the
minimum energy path as we found from the NEB calculation. Thus the potential barrier calculated
from our PA-MD is in excellent agreement with that of the NEB results. Note, the external force
does not need to be in the same direction of the barrier path. If the force is not too big, the system
will find the minimum barrier path. A good test of our method is to reduce the external force as
long as the atom is still jumping within the simulation time, and find the barrier height no longer
depends on the pulling force amplitude. In the above graphene case, the barrier we calculated from
the NEB is 0.30 eV, while the barrier averaged from our PA-MD path is also about 0.30 eV. We do
notice some fluctuation of the PA-MD potential path. Thus, there could be a 30% uncertainty in
the obtained barrier height. Therefore, this method might not be extremely deterministic,
nevertheless, it can provide critical information for a rough estimation of the barrier heights. For
an amorphous system, this is exactly what we need.

For our Mn-HAB-Li,Sy systems, a smaller external force, 0.5 eV/A, and a larger external force 0.8
eV/A in the X, and Z-direction, respectively, is applied on one Lithium atom of four systems at
different lithiation stages. With PA-MD simulation for 5000 fs, the potential energy evolution with
the lithium migration distance is shown in figure 4. Based on the migration distance, we classify
the 16 charts into three categories: Force sufficient to drive the Li migration (migration distance
larger than 20 A, highlighted in green background color), Force insufficient to drive the Li
migration (migration distance smaller than 5 A, highlighted in gray background color), and the
Intermediate state (migration distance larger than 5 A but smaller than 20 A, highlighted in yellow
background color). A small force is enough to drive the lithium in the LisSs-Mn-HAB moving in
the X-direction. Meanwhile, the small force can also move the Lithium in the Li1cSs-Mn-HAB and
Li1sSs-Mn-HAB in the Z-direction (for an atom in the hole of the stack) for a short distance (about
2-3 interlayer distances). With larger force in the X-direction, the lithium in the LisSg-Mn-HAB,
Li10Ss-Mn-HAB, and Lii1sSs-Mn-HAB is movable for a long distance. However, the larger force in



the Z-direction can only drive the Lithium in the Li;pSe-Mn-HAB and LiisSg-Mn-HAB to move.
Therefore, in the early stage of lithiation (LisSg-Mn-HAB), Li is difficult to move in the interlayer
Z-direction but can move at the lateral direction between the Mn-HAB layers. At the intermediate
lithiation stage (Li10Se-Mn-HAB and LiisSs-Mn-HAB), the Li is easier to move in the Z-direction
(probably due to the connection of the Li-S between different layers in the hole of the stack), but
more difficult to move along the lateral direction (probably due to too many Li-S between the
Mn-HAB layers). At the end of the lithiation stage (Li»0Se-Mn-HAB), it becomes difficult to move
in any direction (probably because there are too many Li-S).

Force = 0.5 eV/Ain X Force =0.5eV/AinZ Force = 0.8 eV/A in X Force=0.8eV/AinZ
‘(b) (e wl| (d)
e | . I i
z . o] V ‘ s
= . W 1 |\ i r *
= -0 s e 40 ©
= VO S . i [ ! ;{ ‘ | / Lo
< . [ ., | N 7
o I % 0z a4 o8 n‘s"o'~“""'a'zo'i A N A N S T A T 20
A 15
25 e ]
S ( ) | (0 ™ A (Wl \I” J‘ :
ch I »,«}\ 0y ofe L f ' ¢ y‘ \1‘ o
3 W ;e : W s
g (o { o o ' 1 i f‘ %
& . " |y &
i i,
‘; 10 y
t2 oo g ca gp s to 2 ds ts " o R R H = 1 ) ) 20 o ) & ) a
15 20
P w] ) ) ‘ L o
- os MR N S
> L wo I i | i [ il
) ! [ ol 10 it L
z w AT ‘L'J il ‘ P T I
E ol l (e Y I S Wtﬂ.f Rl ot
2 LA O A l’ l" r uf b J} 3
o 10 if f 00 {{| ‘ U r
a
1 I i
a5
00 " 00
s o] . '(?)\ Y e
2w I . g
T o o8 o a3 -
=t Y < o4 o
g . 7 %
5 J | 5
12 16 ) -
4 s |
; a8
Migration Distance (A) Migration Distance (A) Migration Distance (A) Migration Distance (A)

Figure 4 potential evolutions of Mn-HAB-LisSs, Mn-HAB-LioSs, Mn-HAB-Li5Sg, and
Mn-HAB-Li»Ss systems during the PA-MD simulations when an external force (0.5 eV/A or 0.8 eV/A
in the X or Z-direction) applied on one Lithium. The X-direction is an in-layer direction, while the
Z-direction is the interlayer direction. The different background colors represent Li migration status
(green: Force sufficient to drive the Li migration; gray: force inefficient to drive the Li migration; and
yellow: the intermediate state). Please note the different horizontal axis scale for the different colored
panels. The migration distance is measured as the change of Li’s coordinate in force direction.

To have a more quantitative estimation of the conductivity, we need to get the diffusion barrier.
We will first ignore the sharp spikes within 1 A in the potential plot in Fig.4. Such spikes might be
caused by local oscillation or atom-atom collision instead of general transition barriers, in contrast,
the barrier between local minimum should correspond to a distance in the range of 5 to 10 A. To
filter out such high oscillation, we use the following filter formula to smooth the curves in Fig. 4

@), (). (), (h), (k) and (1).
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(8)

Here the x and y unit is in angstrom. The filtered curves are presented in Figure S5, supporting
information. If both 0.5 eV/A and 0.8 eV/A pulling force can make a system move, we found that
the larger force tends to give slightly higher barriers (in the range of 0.15 eV). In that case, we will
use the barrier obtained from the smaller force results, as discussed above. But this barrier
difference also gives us a sense of the upper bound of the uncertainty in this method, which is
typically under 0.15 eV. It should mention that uncertainty related to the different initial conditions
can be reduced in some extent by repeating the calculations. During the simulation
(Mn-HAB-LisSg under external force of 0.5 eV/A for example), the Li migrates about 55 A in our
amorphous system. We assume the Li atoms have explored different initial speed and position, and
obtained many barrier values. The average barrier values are used to evaluate Li diffusion in these
systems. On the other hand, due to the amorphous nature, there are indeed some uncertainty,
depend on which atoms we choose. This uncertainty is also reduced in some extent by repeating
the calculations for several atoms and take the averaged barrier. We do feel this method might
have intrinsic fluctuations due to the amorphous nature of the system. The uncertainty of the
barrier might be in the range of 0.1 eV. We thus us it as a rough estimation of the barrier heights.
For an amorphous system, that is what we need. We also feel this method might slightly over
estimated the barrier because we didn’t consider any possible correlation effects for the diffusion
between Li atoms. In a disorder amorphous system, it is possible that the Li atoms with the lowest
barrier will diffuse first, and after this diffusion, it might provide new opportunity (vacancy site
etc) for other Li to diffuse.
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Figure 5 Li-migration barriers distribution (a) and diffusion coefficients as a function of temperature (b)
of Mn-HAB-LisSg, Mn-HAB-Li10Ss, and Mn-HAB-L.i15Sg, in the X and Z-directions. The diffusion
coefficients curves of Li on graphene and Li;oGeP,S1,% are also presented as a reference.



Following the above procedure, we have obtained different barrier heights for different systems,
and for different jumps within the same system. In reality, obtaining a distribution of different
barrier heights in an amorphous system might be advantageous, since collectively, some Li will be
able to find some lower barriers to diffuse, hence making the overall diffusion coefficient higher.
Figure 5a plots the barrier distribution we obtained for different systems. The average migration
barrier for Li588—0.5—X, Li1088-0.8-x, Li1088-0.8-x, Li15Sg-0.8-X, and LiisSg-0.8-X is 0.42, 0.46,
0.52, 0.61 and 0.55 eV as list in Table S1, supporting information. It should be noted that these
values are comparable with that of graphene (0.30 eV). Using these average barrier heights, and
the Eq.(6), the Li diffusion coefficient in Mn-HAB-LisSg, Mn-HAB-Li10Ss, and Mn-HAB-L.i15Ss,
in the X and Z-directions a function of temperature are calculated and presented in Figure 5b. We
have to keep in mind that the diffusion coefficient shown in Fig.5b is estimated using the average
barrier height. For comparison, the Li diffusion coefficient in graphene and Li1oGeP2S1,*° are
exhibited as well. The diffusion coefficient for Li on LiCe ranges from 107 to 102 cm?s'3L, Due
to the crowded Li in LiCs, the diffusion coefficient of Li is expected to be smaller than that in
perfect graphene. Our predicted diffusion coefficient of Li in graphene, 2.39x10® cm?s, is close
to the upper limit of the experimental LiCes data and is in excellent agreement with the DFT
calculated coefficient value on graphene in literature (3.70x108 cm?s1)%, The calculated diffusion
coefficient of Li atom for Li583-0.5—X, LiloSB-O.S-X, Li1083-0.8-z, Lilssg-O.S-X, and Li1583—0.8—Z
at 300 K are 6.36x101° cm??, 1.21x101° cm??, 1.24x10 cm?s?, 3.83x101° cm?s?, and
3.33x1012 cm?s? respectively. It’s worth noting that the LisSg has the highest Li diffusion
coefficient, and it is about 1/38 of that in graphene (2.39x 108 cm?s?) and 1/52 of that in the
excellent Li ionic conductor Li;oGeP2Si12 (~3.30x 10-8)%C. In addition, the Li diffusion coefficient of
Li583-0.5-x, LiloSQ-O.S-X, Li1083-0.8-x, Li1583—0.8—X, and Lilssg-O.S-X is better than or
comparable with that of some well-known Li-ion battery cathode materials, like LiFePO4%
a-LisPO4*, LiNipsMn1504% The whole comparison is summarized in table S2 in supporting
information. Overall, we believe the diffusion coefficient at low and intermediate lithiation stages
should be adequate for the Li-S battery applications. However, the low Li diffusion coefficient at
higher lithiation stage could be challenging for fast charging and discharging. One of the reasons
is the overly packed system. One potential approach is to make the system less dense, thus provide
more room for Li diffusion. Overall, we found that the breaking and formation of Li-S bond is not
a problem for Li diffusion (as in the low and intermediate lithiation stage), but the overcrowded
packing of Li-S can be a problem. This provides guidance for future compact Li-S cathode design.

Cyclo-S,

Lithiation Sulfur infiltrated Mn-HAB

Figure 6 Schematic illustration of the preparation of Li-S cathode with Mn-HAB



Based on our theoretical investigation and experimental references! 152 36 it is interested to
hypothesize the Li-S cathode preparation process with Mn-HAB as shown in figure 6. At high
temperature (above 250 °C), cyclo-Sg vapors and undergoes thermal scission into linear sulfur
chains®’. The Mn-HAB with particles sizes ranged from 1-50 nm can be synthesized via three
simple steps: (1) metal coordination with the HAB ligand, (2) deprotonation of -NH, on HAB by
the base and (3) oxidation of the deprotonated HAB. Then the Mn-HAB pellets with tunable
thickness from 0.2 mm to 1.07 mm can be obtained via cold isostatic pressing. The linear sulfur
chains are infiltrated into submillimeter-thick Mn-HAB through the holes!!. The infiltrated sulfur
chains tend to bind on the Mn-HAB via S-Mn bonds and exist as linear chains inside Mn-HAB.
These Mn-HAB would have a good chemical stability in both acid and base aqueous environments,
which allows for their use in low-cost and non-flammable aqueous electrolytes. Therefore, the
common electrolytes (e.g., 1,2-dimethoxyethane(DME)/1,3-dioxolane(DOL) (1: 1, v: v)) and
separator should work between the anode Li foil and the cathode designed here. As pointed out in
our previous work( Adv. Energy Mater. 2018, 8, 1801823), one advantage of this material is the
thermal-dynamic stability against Li»S, dissolution in the common electrolyte. We thus believe
emerging this cathode in the organic electrolytes will work. During the lithiation process, the Li
migrate into the Mn-HAB in the in-layer direction and the interlayer direction (through the holes),
meanwhile the electron transfer through the metallic Mn-HAB from opposite direction.

Summary

In summary, we have proposed a Mn-HAB/Li-S sandwich structure as a prototype 3D Li-S
cathode design. Such a compact 3D cathode design is to address the issue of volumetric capacity
of Li-S cathode. The solid 3D design is an alternative to the commonly used designs of Li-S
cathode where liquid electrolyte has to infiltrate into the cathode. Our theoretical investigation
likes to answer the fundamental questions in such designs, including the limit of gravimetric and
volumetric capacities, the structure stability, and most importantly the Li diffusion coefficient in
such systems. We found that: (1) the pre-molten Sulfur increases the Mn-HAB/Mn-HAB
interlayer distance, provides sufficient room for LiPSs during the lithiation process; (2) in the
early stage of lithiation process, the coordination number of S is relatively low, the Mn-S is vital
to suppressing the LiPS shuttle, while at the end stage, Li-N bonds play important role in
stabilizing the LiPS; (3) the structure of the interlayer Li-S is amorphous; (4) upon full lithiation,
the layer-layer distance can change 20%. While the distance increases initially, it shrinks upon full
lithiation due to the movement of LiS towards the hole of the structure; (5) the cathode can have a
theoretical gravimetric capacity of 825 Wh/Kg, and volumetric energy density of 1652 Wh/L; (6)
the system is electrically conductive due to the Mn-HAB framework throughout the lithiation
process; (7) the Li diffusion coefficient in the 3D Mn-HAB is better than or comparable with some
well-known Li-ion battery cathode materials, like LiFePOs* a-LisPO4%*, LiNiosMnys04%,
especially in the early and intermediate stages of lithiation. This means overall such compact solid
Li-S cathode design can be practical. For the Li diffusion, the requirement of bond breaking and
formation between Li and S might not be an issue, but overpacking of high Li density in Li-S
might hinder the Li diffusion.

Finally, to study the structure of the amorphous system, we have used an in-house developed
genetic algorithm to search the minimum energy atomic configuration. To study the Li diffusion in



the amorphous system where the conventional calculation method cannot be used, we have
developed a special pull-atom MD approach. This approach yields the correct barrier heights for
simple crystal structures, but also allows us to study complex amorphous systems. We believe this
method can also be used to many other complex systems, especially for battery research.

Supporting information

The process of the in-house global minimum structure search code, the enlarge views of LisSg*
and LiSg*, the band structures of Mn-HAB, Mn-HAB-Sg, Mn-HAB-LisSg, Mn-HAB-Li10Sg,
Mn-HAB-Li15Ss, and Mn-HAB-Li2Ss, the barrier of Li migration on the graphene, the fitted
potential evolutions of Li migration in Mn-HAB-LisSg, Mn-HAB-Li10Ss, and Mn-HAB-L.i1sSs,
key parameters for Li diffusion, comparison of Li-ion diffusion coefficient from the present work
with available literature data in Li-ion battery can be found in the supporting information.
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1. The process of the in-house global minimum structure search code
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Figure S7 The process of the in-house global minimum structure search code.

In this optimization scheme, each generation contains 10 structures. One major
feature is to generate new structures of the absorbed molecule/cluster, while keep
the structure of the substrate unchanged (although it will be moved during
relaxation). The initial generation for each structure is obtained with random atomic
Li and S positions on fixed 3D Mn-HAB. DFT relaxations for all the 10 structures are



performed, and the energies of the relaxed structure are sorted from lowest to
highest. By natural selection, we pick up two structures out of the whole population
to form a pair for crossing. The probability of picking structure i is controlled by the
fitness factor as exp(-A*(Ei-Emin)/(Emax-Emin)). The A is set to 2 obtained from Ref?’. For
the crossing process of the two structures, we randomly choose Li or S atoms from
each structure and rotate the whole structure along z-axis so that the picked atoms
are along the x-direction for both structures. The crossing is processed by coding all
the Li and S atoms of a structure into a 1-d array using the x-component of the
atomic coordinates. The number of Li and S atoms are re-counting so that they are
conserved for each crossing/mating trial. By random selecting a point along with the
two 1-d arrays, these two arrays are crossovered so that we can obtain a mated
structure out of the two structures. A pre-relaxation is performed via a
steep-descent method to avoid too-close atoms. Then DFT relaxations are used to
relax all the child structures and obtain their energies. We then repeat the natural
selection as mentioned above. As energies of the lowest structure do not change
after many generations, we believe the global minimum structure is obtained.

2. The enlarged views of LisSs* and LixSs*.
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Figure S8 the enlarged views of LisSs* and Li2oSs*. The bond length cut-off for Mn-S is 2.4 A, for N-Li is
2.4 A, for S-Sis 2.4A, for Li-S is 2.6 A, and for possible Mn-Li is 2.6 A.



3. The Band structures of Mn-HAB, Mn-HAB-Sg, Mn-HAB-LisSs, Mn-HAB-Li10Ss, Mn-HAB-Li15Ss,
and Mn-HAB-Li2053.
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Figure S9. Band structures of Mn-HAB, Mn-HAB-Sg, Mn-HAB-LisSs, Mn-HAB-Li10Ss, Mn-HAB-Li1sSs, and
Mn-HAB-Li20Ss. The Femi level is set to zero.

4. The barrier of Li migration on the graphene
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Figure S10 The barrier of Li migration on the graphene obtained by our model (a) and NEB calculation

(b).



5. The fitted potential evolutions of Li migration in Mn-HAB-Li558, Mn-HAB-Li10S8, and

Mn-HAB-Li15S8.
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6. Key parameters for Li diffusion
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Table S1 The average barriers and diffusion rate of Li migration in Mn-HAB-LisSs, Mn-HAB-Li10Ss, and

Mn-HAB-Li1sSs.

LisSg-0.5-X Li10Ss-0.8-X Li10Ss-0.8-2 Li15Ss-0.8-X Li15Ss-0.8-Z graphene

Average 0.42 0.46 0.52 0.61 0.55 0.30
barrier (eV)

d (A) 6.93 7.31 6.61 6.76 6.57 3.28




7. Comparison of lithium ion diffusion coefficient from the present work with available
literature data in Li-ion battery.

Table S2 The diffusion coefficient of different cathode and electrolyte

Composition Diffusion coefficient (cm2s1) Reference
LisSs-0.5-X 6.36 X 1010 This study
Li10Ss-0.8-X 1.21X 100 This study
Li10S5-0.8-Z 1.24 X101 This study
Li15Ss-0.8-X 3.83X1013 This study
Li15Ss-0.8-Z 3.33X1012 This study
graphene 2.39x 1078 This study
LiNio.50Mno.20C00.3002 (NMCs33) 4.5x10% 38
LiNio.33Mng.33C00.330, (NMCs33) 5.5x107® 38

LiFePO4 1.8x10°14 33
LNMO/LLZO (50: 1) 1.83 x 10710 35
LiNip.sMn1504 6.43 x 10711 35

a-LizPO4 6.0 x 10713 34

Cubic LLZO:Al ~10° 2
LiTiz(PS4)3 1.2x107 39
LiznGeP,S12 ~3.30x 108 30
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