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Abstract: The Li-S battery is exceptionally appealing as an alternative candidate beyond Li-ion
battery technology due to its promising high specific energy capacity. However, several obstacles
(e.g., polysulfides” dissolution, shuttle effect, high volume expansion of cathode, etc.) remain and thus
hinder the commercialization of the Li-S battery. To overcome these challenges, a fundamental study
based on atomistic simulation could be very useful. In this work, a comprehensive investigation of
the adsorption of electrolyte (solvent and salt) molecules, lithium sulfide, and polysulfide (Li,Sy with
2 < x < 8) molecules on the amorphous Al,O3 atomic layer deposition (ALD) surface was performed
using first-principles density functional theory (DFT) calculations. The DFT results indicate that
the amorphous Al,O3 ALD surface is selective in chemical adsorption towards lithium sulfide and
polysulfide molecules compared to electrolytes. Based on this work, it suggests that the Al,O3
ALD is a promising coating material for Li-S battery electrodes to mitigate the shuttling problem of
soluble polysulfides.

Keywords: Li-S battery; polysulfides; ALD; functional electrodes; selective adsorption

1. Introduction

The lithium-sulfur (Li-S) battery has attracted considerable attention due to its high
theoretical energy density around 2500 W - h/kg which is several times higher than that
of the present commercial Li-ion batteries (LIBs) (~420 W - h/kg) [1-4]. For the Li-S
battery, the overall discharge reaction can be represented as Sg + 16Li* + 16e~ = 8 Li,S, for
which the details of the reaction pathway can be quite complicated [5]. From the reported
studies, there are several intermediate polysulfide species (e.g., LiSy with 2 < x < 8)
formed during the discharge reaction [1,6-9]. The presence of these intermediates can
be found in molecules, nanoparticles, and possibly in solid phases which were reported
recently [10-13].

One of the challenges of the Li-S battery is attributed to its complicated redox processes
at the sulfur cathode that results in poor cyclability. During the cycling of the Li-S battery,
electrochemical reduction of elemental Sg leads to the formation of soluble polysulfide
species which diffuse from the sulfur cathode, and subsequently decrease the Coulombic
efficiency and capacity retention of the Li-S cell [4,14,15]. Besides the capacity reduction,
the crossover of polysulfide intermediates causes undesirable side reactions at the Li
anode, and leads to the polysulfide shuttle [16-18]. Several attempts have been tried over
the years to mitigate polysulfide dissolution, these include mechanical barriers in the
sulfur cathode to inhibit polysulfides diffusion, tailored interlayers between the electrodes
to prevent crossover of soluble polysulfides, additives in electrolytes to passivate the
anode or control the discharge process, and the new electrolyte design to minimize the
solubility of polysulfides [18-23]. These challenges are preventing the lithium-sulfur
batteries from practical large-scale commercialization [24]. On the other hand, atomic layer
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deposition (ALD) has been demonstrated to be a new strategy in dramatically improving
the performance of lithium-ion batteries (LIBs), because of its advantages in sub-nano to
nanoscale inorganic films’ fabrication as a functionalized coating material [25-27]. The
morphology and thickness of the ALD layer greatly depend on the coating cycles which
are essential for the coating layer’s function. To maintain high ionic conductivity, the
ALD coatings are generally kept less than 2 nm thick on the nonmetal electrodes [28-30].
Stimulated by ALD’s benefits, several works have reported utilizing the ALD to mitigate
the challenges in Li-S batteries, e.g., ALD-Al,O3 on S cathodes [30], graphene-based sulfur
composites [31], and nanophase S cathodes or S nanoparticles [32], etc. Besides cathodes,
there have been ALD coatings (e.g., Al,O3) reported to tackle the problems associated
with lithium metal anodes in Li-S batteries to mitigate the lithium metal corrosion and
polysulfides’ shuttling [28,33,34]. These studies have shown very promising outcomes
in terms of Li-S battery cycling performance improvement due to the suppression of the
polysulfides shuttle effect mainly in two aspects, i.e., adsorbents of sulfur-containing
species, and/or kinetic barriers for polysulfides” dissolution [27]. However, a fundamental
understanding of the electrode’s interfaces, especially at atomistic scale or at molecular
level, remains lacking. A systematic study with support from experiment and theory is
therefore critically needed.

Inspired by these studies, we have undertaken a systematic theoretical study of the ad-
sorption of some commonly used electrolytes” molecules (i.e., lithium bis(fluorosulfonyl)imide
(LiFSI), acetonitrile (MeCN), dimethoxyethane (DME)), Li, octasulfur (Sg), lithium sulfide
(LipS) and lithium polysulfide (Li;Sy with 2 < x < 8) molecules on the amorphous Al,O3
surface that represent the ALD-Al,O3 based on first-principles calculations. In this ar-
ticle, a systematic configurations exploration, based on density functional theory (DFT)
to determine the low energy configurations of the molecular adsorption on the Al,O3
surface, was performed. The low energy configurations of each adsorption system were
analyzed in terms of energetics, structural, and electronic properties. With this as a baseline
study, we hope we can better understand the fundamental interaction of these molecules at
electrolytes/ ALD-coated electrode interface during the polysulfides’ dissolution process,
which, in turn, will help determine whether the amorphous Al,O3 ALD coatings can be
performed as an excellent adsorbent to polysulfides.

2. Methodology

All the calculations were performed in the framework of DFT using the Vienna Ab Ini-
tio Simulation Package (VASP) version 5.4.4 [35,36]. The projector-augmented wave (PAW)
method [37] and the Perdew—Burke-Ernzerhof (PBE) exchange-correlation functional [38]
were used to describe the exchange-correlation effects. In this work, the Grimme’s D3 cor-
rection term [39] was applied to include the van der Waals (vdW) interaction which was
found to be substantial in Li-S systems [9,13,40]. For all the calculations, the plane-wave
kinetic energy cutoff was set to 500 eV. The energy convergence was set to be 1075 eV,
and all the configurations were fully relaxed until the residual force on each atom was
less than 0.01 eV /A. For all these DFT calculations, a '-centered K-mesh with a density
of no less than 2 points per A (i.e., KSPACING = 0.5) was used to sample the Brillouin
zone during the geometry optimization. For all the simulations, the vacuum layer in the
simulation cell was set to be ~15 A. Based on the previous experimental results [41,42],
we used an amorphous Al,O3 slab (with thickness ~8.0 A) to simulate the ALD coating
layer. The amorphous Al,Os slab configuration was used in our previous work on the
lithium-oxygen battery and potassium metal battery reported recently [43,44]. For each
system, generally, at least three different initial configurations were considered during the
geometry optimization to locate the low-energy configuration. Throughout this work, the
figures related to the optimized configurations were generated using VESTA software [45].
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3. Results and Discussion
3.1. Molecular Adsorption on Amorphous Al,O3 ALD Surfaces
3.1.1. Electrolyte and Reactant Molecules

As shown in Figure 1, all the molecules considered in this work are found to tend to
adsorb on the amorphous Al,O3 ALD film when they are at close proximity to the Al,O3
ALD surfaces. In Figure 1, the calculated adsorption energy is defined as:

N
E, = —[Etot (system) — (Z Etot (i) (component)] (1)
i

where Eyor (system) and E,y; ;) (component) is the total energy of the adsorbed system and
individual component (e.g., Al;O3 ALD slab, individual electrolyte, reactant, polysulfide
molecule, etc.) predicted by DFT calculation, respectively. If the E; > 0, then it suggests that
the surface adsorption is thermodynamically feasible. The greater the E, value, the tendency
of the adsorbate molecule to bind on the Al,O3 ALD surface becomes stronger. From
Figure 1, a clear distinctive trend in the preferences of short- and long-chain polysulfide
(i.e., LipSy with 2 < x < 8) molecules to adsorb favorably on Al,O3 ALD surface is found,
compared with the electrolyte molecules. This indicates that Al;O3 ALD could be used as
adsorbents of polysulfides to mitigate the polysulfide shuttling in Li-S batteries which has
been proved by previous experimental results [27,31,32,46].
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Figure 1. The adsorption energy, E, (in eV) on amorphous Al,O3 ALD surface of various systems
that consists of electrolyte (i.e., DME, MeCN, LiFSI in the white region), reactant (Li, Sg in light
green region), and Li;Sy with 1 < x < 8 (in pink region) molecules based on DFT calculations. In
general, E; > 0 implies that the system is thermodynamically feasible. Each data point represents an
individual configuration of geometry optimization in DFT calculations.
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From DFT optimized configurations of all the systems we considered in this work, we
found the interaction of solvent molecules with amorphous Al,O3 ALD slab is considerably
weaker compared to the rest. Compared to the MeCN molecule, the adsorption energy of
DME molecules is generally found to be the weakest, i.e., E; ~ 0.40 to 0.50 eV (Figure 1)
and can be considered as physisorption on the surface (Figure 2). For MeCN molecules, the
adsorption energy is ~1.15 to —1.30 eV (Figure 1), which is attributed to the strong affinity
of the nitrile group to chemisorb at the aluminum sites (Al-site) on the ALD surface. For
the LiFSI salt molecules, a strong tendency to bind on the Al,O3 ALD surface is found.
Compared to the solvent molecules, the energy absorption of the LiFSI salt molecule is
stronger and yields ~2.24 eV attributed to Li* cations which bond favorably on the oxygen
sites (O-site) of Al,O3 ALD surface, besides being associated strongly with the FSI anion
(Figure S1). For the configuration of dissociation of Li* cation and FSI anion, the system is
found to be equally favorable with E, ~ 2.25 eV, accompanied with a minor decomposition
of FSI anion, i.e., the cleavage of S-F bond with a formation of Al-F on ALD surface
(Figure S1), and this finding is consistent with the reported observation of defluorination of
FSI~ anion [47] which attributed to the vulnerable S-F bonds. For the bare Li* cations, the
adsorption is found to be favorable and yields E; ~ 2.73 eV, which is even more favorable
than the chemisorption of the LiFSI molecule. Whereas for the Sg molecule, it is found to
only bind weakly on the ALD surface with E; ~ 1.20 eV (Figure 1), within a similar range
as MeCN solvent molecules.

Figure 2. The lowest energy configuration for each system during adsorption on Al,O3 ALD surface:
(a) DME, (b) Li5S, () LiyS,, and (d) LiySg molecule. Color of atoms: oxygen (red), carbon (brown),
hydrogen (white), aluminum (blue), sulfur (yellow), and lithium (green).

3.1.2. Lithium Sulfide and Polysulfide Molecules

Compared to the electrolytes (i.e., DME, MeCN, and LiFSI) and reactant (i.e., Li and
Sg) molecules, the Li;S, (1 < x < 8) molecules are found to have a greater tendency to
adsorb on the Al,O3 ALD surfaces which dictated the considerably greater adsorption
energy (Figure 1). In contrast to the DME solvent molecule, which favors physisorption
on the ALD surface with at least ~2.80 A separation from the surface (Figure 2), the Li,S,
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(1 < x < 8) molecules are found to generally favor strong chemisorption on the ALD
surface, supported by the formation of Li-O, Al-S bonds as shown in Figure 2.

Compared to the electrolytes (i.e., DME, MeCN, LiFSI) system, the adsorption en-
ergies of Li;Sy (1 < x < 8) molecules are substantially greater, i.e., E; > 3.0 eV, which
are usually related to the multiple bonds formation of Li-O and Al-S at the interface
(Figure 2). In all cases, the spontaneous decomposition of Li;Sy (1 < x < 8) molecules
during the adsorption process at Al,O3 ALD surfaces are not found during the geome-
try optimization, which might be attributed to the strong Li-S and S-S bonds within the
individual LiSy (1 < x < 8) molecules. For Li,S, the relatively simpler molecular geom-
etry yields several nearly degenerate chemisorbed configurations with E, ~ 4.0-4.2 eV.
Compared to Li,S, a wide distribution of E; ~ 2-7 eV is found for the short-chain (e.g.,
LiySy, 2 < x < 3) and long-chain (e.g., Li;Sy, 4 < x < 8) polysulfide molecules, which
might be attributed to their relatively more complex configurations that yield various local
minima during chemisorption process. For the most energetic favorable chemisorbed Li,S,
system, the large E, ~ 6.93 eV (Figure 2) is accompanied by several bond formations of
strong Li-O (~1.80-1.90 A) and AL-S (~2.21 A), compared to the Li-O (~1.87-2.23 A) and
Al-S (~2.23 A) in Li,S adsorption. For Li;S3 chemisorption, the slightly fragmented Li,S3
(i.e., LiS3 + Li) molecule (Figure 3) that maximizes the formation of Li-O (~1.79-1.86 A)and
AL-S (~2.28-2.30 A) bonds is found to be the most favorable with E, ~ 3.75 eV. Whereas
for non-fragmented Li;Sz chemisorption, the system is only marginally less favorable
(Ez ~ 3.55 eV), with longer Li-O (~1.91-2.22 A) and Al—S (~2.39-2.49 A) bonds formation
on the ALD surface (Figure 3).

b)

Figure 3. Two low energy configurations for LiyS3 during chemisorption on Al,O3 ALD surface.
(a) The non-fragmented configuration is found with E; ~ 3.55 eV, whereas (b) is the optimized
geometry which yields fragmented Li,S3 (i.e., Li + LiS3) with E; ~ 3.75 eV.

For the soluble long-chain polysulfide species which initiate the shuttle effect in Li-S
battery, the considerably stronger chemisorption (E; ~ 1.60-5.50 eV) (Figure 1) on Al,O3
ALD surfaces indicates that the functionalized carbon cathode [30,32] with ALD coating
might be useful in suppressing polysulfides dissolution with selective chemical adsorption
when exposed to electrolytes. Compared to physisorption of DME (E; ~ 0.40-0.48 eV)
and weak chemisorption of MeCN (E; ~ 1.15-1.30 eV) solvent molecules (Figure 1), the
current DFT findings suggest that the Al;O3 ALD surfaces can be used to trap these soluble
polysulfide species to mitigate the problem caused by the shuttling of soluble polysulfide
species in Li-S batteries. As highlighted in Figure 2, the most favorable configuration of
Li;Sg chemisorption (E; ~ 5.47 eV) on Al;O3 ALD surfaces are also accompanied by the
formation of Li-O (~1.85-2.10 A) and Al-S bonds (~2.28 A) at the ALD interface, similar
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to the short-chain polysulfides (Li;Sy, x = 2-3) chemisorption. For the configuration of
fragmented Li,Sg during adsorption (Figure S2), the adsorption energy (E,) is found to
be ~3.55 eV, which indicates that fragmentation of long-chain Li,Sg is thermodynamically
less favorable during the adsorption process on Al,O3 ALD surfaces. Interestingly, this
observation is also found in other long-chain polysulfide species chemisorption, such as
LiS7 and LiySg, (Figure S2).

3.2. Electronic Properties

As a promising alternative to LIBs, the high energy density of Li-S batteries is attributed
to lithium metal which is used as the anode. However, at current stage, the lithium metal
anode has been hampered from commercialization by several technical problems, e.g.,
the uncontrolled lithium dendrite growth during repeated lithium extraction/deposition
processes, corrosion due to lithium metal, and anode/electrolytes interfacial instability
during the operating condition of Li-S batteries. As a consequence, there have been Al,O3
ALD coatings reported for tackling these problems [28,33,34]. According to Kozen et al. [28],
a uniform and conformal coating over the Li metals can be achieved based on the ALD
technique to deposit ultrathin amorphous Al,O3 coating with tunable film thickness.

From recent works [12,48], it is found that the electronic properties of short- and long-
chain polysulfide solids can be quite different compared to insulating Li,S bulk. According
to DFT prediction [12,48], the polysulfide solids can be insulating or metallic depending
on crystalline structures. However, the electronic properties of these polysulfides dur-
ing the adsorption at the electrode interfaces remain elusive, and basic understanding
remains lacking.

From the inset in Figure 3a, it is noteworthy to point out that even though it is only
several atomic layers in thickness (~8.0 A), the amorphous Al,O3 ALD film is found
to be insulating with an electronic bandgap E; ~ 1.6 eV according to DFT prediction
(Figure S3). Thus, with an optimum thickness, it is expected that the deposition of Al,O3
ALD coating on Li metals can provide a protecting insulating layer against the corrosion
of metal anode, and further enhance the stability of anode/electrolyte interfaces. As
highlighted in Figure 4, the insulating feature (i.e., Eg ~1.5-2.0 eV) of Al,0O3 ALD coating
generally remains unchanged when exposed to physisorption and chemisorption of various
adsorbates (e.g., solvent, short- and long-chain polysulfide molecules). This stability
in insulating electronic properties is important and guarantees the needed stability of
electrode/electrolyte interfaces in Li-S batteries” application. Regardless of whether it is
physisorption or chemisorption process, the electronic density of states (DOS) attributed
to the adsorbates is generally not negligible and can be considered as the surface induced
electronic states close to the Fermi level (Ey). In reminiscence of the surface-induced
electronic states which are contributed by the electronic DOS of adsorbates (Figure 4),
similar analogue features can also be found from the distinctive electronic charge density
distribution that is present at the adsorbates/Al,O3 ALD interfaces (Figure 5).

Compared to the weakly bound DME molecules in physisorption which exhibit a
considerably delocalized character (Figure 5a), the electronic charge density distribution
of adsorbates (e.g., LipSy, 1 < x < 8) at the ALD interface are generally found to be more
localized (Figure 5b—d) and can be identified as the signatures of strong Li-O and Al-S
interaction on the Al,O3 surfaces, analogous to the formation of strong Li-O and Al-S bonds
during the chemisorption process (Figure 2). In all chemisorbed Li;S, (1 < x < 8) systems,
the presence of electronic DOS attributed to sulfur contribution at the vicinity of Fermi
level is not negligible and is well-aligned to the electronic DOS of sulfur contribution at
the highest occupied valence bands (HVB) from the pristine adsorbate Li;S, (1 < x < 8)
molecules as shown in Figure 4. Regardless of significant differences in molecular config-
uration, interestingly the electronic DOS of LiySg chemisorption (Figure 4d) is found to
exhibit similar features as Li;S chemisorption (Figure 4b). Whereas for the physisorbed
DME molecule, the dominant electronic surface states which are close to the Fermi level
with oxygen contribution are attributed to carbonyl oxygen in the DME molecule and are
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similar to its pristine DME molecule’s electronic DOS (Figure 4a). Overall, it is evident
to say that, despite some small subtle differences in local electronic DOS, the basic trend
of electronic DOS of all the system during physisorption or chemisorption remain closely
dictated by the electronic DOS of adsorbate molecules especially close to the Fermi level.
For the electronic properties related to the influences of the possible formation of solid
electrolyte interphase (SEI) which are due to the electrolytes” decomposition and lithium
consumption or accumulated Li;Sy (1 < x < 8) layers at Al;O3 ALD interfaces, this will be
the subject of our future investigation.
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Figure 4. The partial electronic density of states (DOS) of the lowest energy configuration for each
system during adsorption on Al,O3 ALD surface are plotted within the vicinity of Fermi level (i.e.,
—3.0 eV, 3.0 eV): (a) DME, (b) Li,S, (c) Li;S; and (d) LipSg molecule. The dotted black line is the
Fermi level. The total DOS, O-DOS, AI-DOS are in the black, red, and brown lines. The inset is the
representative reference molecular system: the DME molecule DOS which O-DOS, C-DOS, H-DOS
is in purple, green, and blue line (a: bottom right); the Li»S molecule DOS which Li-DOS, S-DOS is
in orange and pink line (b: bottom right); the LiS; molecule DOS (c: bottom right) and the Li;Sg
molecule DOS (d: bottom right).
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Figure 5. The electronic charge density difference distribution at the interface between adsorbate
(a) DME, (b) LiyS, (c) LiySy, (d) LipSg and Al,O3 ALD surface. The yellow is electronic charge
accumulation (negative charge) region, while the blue is electronic charge depletion (positive charge)
region. The isosurface values are ~0.001 e/ A® with the figures generated using VESTA software [45].

4. Conclusions

To obtain a basic property of amorphous Al,Os; ALD surfaces when exposed to
electrolytes, soluble and insoluble Li;S, (1 < x < 8) molecules at electrode interfaces
of Li-S batteries, we performed a systematic structural search to identify low energy
configurations of various systems (i.e., DME, MeCN, LiFS], Li, Sg, and LiySy with 1 < x < §)
during molecular adsorption process on Al,O3 ALD surfaces using DFT calculations as
our baseline study. Overall, distinguishable selective chemical adsorption of Li,Sy (with
1 < x < 8) molecules against solvent (i.e., DME, MeCN) and LiFSI salt molecules at Al,O3
ALD surfaces is found. From DFT calculations, the basic electronic properties of Al,O3
ALD surfaces (i.e., electronic bandgap) remain unchanged when interacting with these
adsorbates. The current DFT findings confirm the protective effects from the Al,O3 ALD
coating for three aspects obtained from reported experimental findings [28,30-34]: (i) acts
as a kinetic barrier to decrease the direct contact between sulfur reactants and polysulfide
species and the liquid electrolytes, thereby enhancing the electrodes’ stability during
the cell cycling, (ii) forms a quasi-envelope structure for the electrode (e.g., conducting
carbon cathode) to mitigate the release of polysulfides from the electrode to the electrolyte,
(iii) provides a protective layer to Li metal anodes with a more stable electrode/electrolyte
interface against shuttling effects of soluble polysulfides in Li-S battery. Thus, based on the
current baseline study, this indicates that Al,O3 ALD coating is possibly a viable approach
to fine-tune Li-S electrodes’ design for the optimal performance of Li-S batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15010390/s1, Figure S1: Two lowest energy configurations for
LiFSI during adsorption on Al,O3 ALD surface. (left) The Li* is associated with FSI anion during the
adsorption (E, ~ 2.24 eV), whereas (right) is the optimized geometry where the Li* is dissociated from
FSI anion during the adsorption (E; ~ 2.25 eV); Figure S2: The fragmented Li,Sg (with E; ~ 3.55 eV,
left) and LipS; (with E; ~ 4.03 eV, right) during the chemisorption on Al,O3 ALD surfaces; Figure S3:
The electronic density of states (DOS) of pristine Al;O3 ALD surfaces with band gap ~1.60 eV. The
black dot line is the Fermi level.
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