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ABSTRACT: Lithium—metal anodes, with their impressive high
specific capacity of approximately 3860 mAh/g, emerge as a promising
alternative to Li-ion anodes. However, when subjected to higher
recharge currents for accelerated battery charging, dendrites tend to
form on the Li-metal surface. These dendrites can puncture the
separator, leading to short circuits upon contact with the positive
electrode. Such short circuits in a nonaqueous solvent can trigger
runaway reactions, which raises safety concerns. In an effort to limit
dendrite formation on the lithium—metal anode, the “self-healing”
electrostatic shield mechanism (SHES) incorporates a small fraction of
cesium salts in the electrolyte. These cesium ions remain charged on
the surface, migrating toward the dendrites. The migration of Cs-ions to the dendrite surface creates a charged shield that compels
lithium ions to deposit outside the dendrites, preventing the dendrite’s undesirable growth. To delve deeper into the working of the
SHES mechanism, this study specifically utilizes Li and Cs atoms in both solvated and non-solvated configurations. These atoms are
employed to be adsorbed onto various sites of the Li slab surface. Density functional theory (DFT) calculations are employed to
explore the adsorption energy of Cs ions on Li-metal and their relationship with dendrite formation. In the presence of the solid
electrolyte interphase (SEI), Cs ions migrate to damaged areas, depositing over the exposed bare metal surface and grain boundaries.
When the SEI breaks, Cs ions cover the exposed Li surface, creating a positively charged shield in the exposed area, thereby reducing
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the pathway for Li plating and subsequent dendrite growth.

B INTRODUCTION

Lithium-ion batteries (LIBs) are commonly employed for
energy storage in devices like laptops and cell phones.
Nevertheless, as the demand for higher capacity in electric
mobility rises and LIBs are approaching their capacity limits, a
potential alternative to replace LIBs is the use of lithium—
metal batteries (LMBs), which boast a superior specific
capacity compared to the graphite found in LIBs (3860
mAh/g vs 370 mAh/g).'~° Despite this advantage, the safety
of LMBs needs enhancement by mitigating or eliminating
hazardous reactions resulting from dendrite growth.” ™"

In LMBs, the electrolyte undergoes reactions with the
exposed metal surface due to the narrow stability window of
both the electrodes and electrolyte, coupled with the negative
redox potential of lithium metal. Consequently, this leads to
the degradation of the electrolyte and consumption of the
anode, as the chemical potential of the anode exceeds the
lowest unoccupied molecular orbital (LUMO) of the electro-
lyte. Similarly, the cathode interacts with the electrolyte when
the chemical potential of the cathode falls below the highest
occupied molecular orbital (HOMO)."" Within the lithium—
metal anode, these reactions result in the decomposition of
electrolyte molecules, giving rise to the formation of a solid
film comprising various species known as the solid-electrolyte
interphase (SEI). The SEI spontaneously forms upon contact
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with the electrolyte and during the charge and discharge cycles.
A robust SEI can passivate the surface, permitting the
transportation of lithium ions through this protective film.
The structure of the SEI is influenced by operational factors
such as electrolyte composition, temperature, type of anode,
voltage profile, and more. The SEI is composed of inorganic
and organic components from the decomposition of the
solvent, the SEI commonly features the formation of Li,O, LiF,
Li,CO;, and Li,S in the inorganic structure, alongside
elastomers in the organic structure.'”~>* One effective strategy
to prevent dendrite formation involves modifying the electro-
lyte composition to engineer the SEL

Aurbach® suggested that the inorganic layer is the initial
component to form in the solid-electrolyte interphase (SEI).
As a consequence of continuous reduction, lower oxidized
species may emerge near the lithium—metal surface, including
insoluble salts. The dissolution of lithium accelerates reactions
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between lithium and electrolyte species. In the presence of an
electric field, this results in the dissolution or deposition of ions
on the anode, inducing morphological changes. If the SEI fails
to accommodate these changes during the charge or discharge
process, it may fracture, revealing the exposed metallic phase.
Preferential deposition of lithium ions occurs in these exposed
areas, leading to the growth of dendrites. In the model
proposed by Lu et al,”® lithium diffuses through the
electrolyte, forming a phase adhered to the anode. This
phase contains not only the products of reactions between the
electrolyte and the anode but also intact electrolyte molecules,
resulting in a porous structure. This porous SEI exhibits an
uneven distribution of lithium, creating hot spots due to an
uneven electric field.”° Consequently, it facilitates the
preferential deposition of lithium ions at points with higher
electric field intensity. The metallic lithium phase in this model
undergoes consumption by the electrolyte, causing the porous
phase to expand and eventually leading to the clustering of
lithium atoms.

Various strategies exist to mitigate dendrite formation. The
self-healing approach involves expediting the formation of the
solid-electrolyte interphase (SEI) by increasing the salt
concentration in the electrolyte or incorporating salts that
are highly reactive with the anode. In the event of SEI
breakage, the self-healing mechanism enables a rapid electro-
lyte reaction with the exposed lithium phase, leading to the
formation of a new SEL>”*® Furthermore, engineering the SEI
electrolyte can diminish polysulfide reactivity, enhance Li-ion
conductivity, and better accommodate morphological
changes.”” This can be achieved not only through self-healing
but also by creating an artificial SEI or developing an SEI with
improved characteristics, such as higher ionic conductivity.”>*"
In lithium—sulfur (Li—S) batteries, for instance, the SEI can be
tailored to react with LiNOj;, producing Li,SO,, which
safeguards the anode against polysulfide decomposition and
dendrite formation.”” Alternatively, the shuttle of polysulfides
to the lithium-anode can be minimized by implementing an
active cathode material that can capture the polysulfides from
the solvent, such as sulfurized polyacrylonitrile (SPAN).**~’
Additionally, modifying the solvent for the SEI can promote
elastomer formation, enabling better accommodation of
morphological changes on the anode.’®~*’ The solvent nature
has an important effect on the dendrite formation, Vlad et al.
observed a reduction in dendrite formation by using dimethyl
2,5-dioxahexanedioate (DMDOHD) as solvent,”’ while the
same effect was observed by increasing the salt concen-
tration.””** The main mechanism to engineer the SEI against
dendrite growth can be summarized as modifying the
electrolyte, using an artificial SEL, or controlling the initial
charge/discharge process.** Dendrite prevention can also be
achieved through pulse charging of the electric field,*
adoption of solid-state electrolytes, or the use of polymers
covering the anode that mechanically hinder dendrite growth.
While polymers as electrolytes facilitate Li-ion diffusion and
reduce dendrite formation, their lithium diffusion is slower
compared to liquid electrolytes.**~°

The self-healing electrostatic shield mechanism (SHES), a
significant technique pioneered by Ding et al,”"* involves
manipulating the reduction potential of a cation (e.g., cesium)
to be lower than that of lithium, as dictated by the Nernst
equation. This shift is achieved by altering the ion’s activity in
the electrolyte when it is at low concentration. These cations,
unable to deposit as a metal or form thin layers with lithium
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alloys, act as a protective measure when an electric field is
applied to the battery during recharging. As voltage is applied
to the circuit, these cations cover the dendrites, maintaining a
positive charge on the surface. This positive shield repels
lithium ions, preventing their deposition on the dendrites.
Consequently, lithium ions deposit in alternative regions,
facilitating the healing of existing dendrite surfaces and
preventing the formation of new dendrites.

To facilitate the expansion of the bulk lithium (Li) anode,
solvated Li-ions in the electrolyte must adhere to a surface,
shed their solvents, and capture an electron originating from
the bulk electrode. This sequence enables the accumulation
and reduction of Li ions. The electric field generated during
the charging process aids in concentrating the ions within a
specific region, preventing dispersion and solvation. Since the
charging mechanism involves the accumulation and reduction
of ions on the anode surface, diffusion becomes a crucial factor
in metal electrode materials.”> ™7 As a result, the migration of
Li-metal and Li-ion atoms on the surface governs the
deposition process in the Li-metal anode. Dendrite growth
occurs when there is a favored direction for atoms to deposit,
which may be a specific site or surface.”® The direction of
dendrite growth in metals tends to align with the lattice
symmetry and growth planes, with lower atomic planar density
and larger interplanar distances favoring dendrite growth.’”~®*
Surface energy plays a pivotal role in determining the direction
of dendrite growth, and the kinetics are linked to the
dissipation of energy between the solid and liquid phases.”**

Density functional theory (DFT) calculations are able to
simulate the phenomenon of dendrite growth due to the
intricate processes involving the electrolyte’s decomposition on
the exposed lithium surface, leading to the formation of a solid-
electrolyte interphase (SEI), as well as the diffusion of Li ions
on the SEL'®""7* To shed light on why dendrites tend to
grow more readily in lithium anodes compared to magnesium
anodes and to explore the impact of the electric field, Grof et
al.”>”* employed DFT calculations focusing on the bare phase.
In our current study, we aim to unravel the mechanism of the
Self-Healing Electrostatic Shield (SHES) through first-
principles calculations, with the goal of elucidate the potential
occurrence of the SHES mechanism. In our model, we are
focus on the adsorption energy of Cs and Li atoms, as the
driving force for surface structure formation, considering the
explicit presence of solvents to induce charge in the Cs and Li
atoms, as in a double layer. Consequently, we investigating
whether cesium (Cs) atoms can cover dendrites, establishing a
positive electrostatic shield on the surface to repel lithium-ion
deposition and assessing whether Cs can diminish irregularities
on the SEI. Additionally, we include the explicit calculations of
Li/Cs ions solvated by the electrolyte in our analysis.

B COMPUTATIONAL METHODS

In this study, we aim to understand the self-healing electrostatic shield
(SHES) mechanism by examining the specific sites where cesium
deposition occurs over the anode under various conditions and
analyzing the electron distribution within the system. The calculations
of these structures were conducted through first-principles calcu-
lations, employing Density Functional Theory (DFT)”*’® and
utilizing the Vienna Ab-initio Simulation Package (VASP)””7® within
the plane-wave basis set approach.””® A Monkhorst—Pack k-point
mesh®" with a 2 X 2 X 1 grid was employed for Brillouin zone (BZ)
sampling in every configuration, and the cutoff energy was set at 400
eV. Electron—ion interactions were modeled using PAW pseudopo-
tentials*>** from the VASP databases. lonic relaxation was achieved
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through a conjugate-gradient algorithm to attain their ground state
configuration, and Gaussian smearing with a width of 0.05 eV was
applied. Convergence criteria for self-consistent electronic iteration
and ionic force were set to 107* €V and 107> eV/A, respectively. The
lithium lattice parameter calculated was 3.442 A, aligning with
experimental observations,**** and the bottom and top surfaces were
separated by a vacuum of 15 A. Additionally, charge analysis was
performed using Bader calculations.**™™*

Table 1 presents the cell parameters for various sites of adsorption.
Each layer is defined as the atoms belonging to a plane parallel to the

Table 1. Slab Parameters of Different Absorption Sites Over
the Lithium—Metal Anode, Including Various
Configurations Such as the Bare Surface, Solid Electrolyte
Interphase (SEI), and Grain Boundary of the SEI

site or structure cleavage surface cell size  #frozen Li  #total Li
location and defect (A) layers layers
first atom 100 10.3 X 3 7
adsorption 10.3
110 10.3 X 3 7
9.7
320 (ledge) 10.3 X 9 32
124
320 (step) 13.7 X s 26
24.8
531 16.9 X 7 28
16.9
substitute 17.2 - -
Cs adatom 100 20.6 X 3 7
20.6
110 20.6 X
19.5
second atom 100 20.6 X
adsorption 20.6
third atom 110 20.6 X
adsorption 19.5
Cs monolayer
SEIL 100 20.6 X
broken SEI 20.6
grain boundary 28.6 X 6
10.2

cleavage surface. To assess the energy barrier for the diffusion of
cesium across a lithium metal surface and the diffusion of Li ions over
a monolayer of cesium deposited on the lithium—metal anode, the
climb-image Nudged Elastic Band (cNEB) method®” was employed
to investigate diffusion path, and the structures of the images were
optimized with a force convergence threshold set at 30 meV/A.

B RESULTS AND DISCUSSION

To comprehend the deposition of Cs on the Li-metal surface,
the adsorption energy of Li and Cs on the anode surface was
determined using eq 1, where E_ads represents the adsorption
energy, E, is the system’s energy, Eq;, is the slab’s energy, and
Eyy is the energy of the metal atom. The references for
calculating E,y; include: 1) a metal atom in the gas phase; 2) a
metal atom in bulk metal; and 3) the metal atom solvated by
two DOL molecules (adsorption of Li-ion). The correspond-
ing E; values are detailed in Tables 2—4. Bulk energies were
computed per atom from supercells containing 16 atoms each,
with Body-Centered Cubic (BCC) lattice parameters set at
6.88 and 12.35 A for Li and Cs, respectively. The
configurations of the slabs are provided in Table 1. When
the adsorption calculations are performed on neutral systems,
and therefore adding a metallic atom, it is referred to as
“reduced”, irrespective of whether it comes from a gas or bulk
phase reference (e.g, Cs-reduced in reference 1 and 2).
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Table 2. Adsorption Energy of the First Atom on the Anode
Surface and Energy of Cs Substitution in Li-Bulk Phase”

Atoms | cleavage | sy | gae | bulk | on
adsorbed | surface (V) (eV) (eV)
Li 100 adatom -1.609 | 0.259 | -1.704
Li 110 adatom -1.710 | 0.158 | -1.959
Li 320 ledge -1.791 | 0.077 | -1.819
Li 531 kink -1.831 | 0.037 | -1.691
Li 320 step -1.977 | -0.109 | -1.896
Li 110 terrace -1.941 | -0.074 | -1.809
Li 100 terrace -2.142 | -0.275 | -1.814
1st Li adsorption sites on the anode
Cs - substitute -0.264 | 0.545 -
Cs 100 adatom -1.194 | -0.385 | -1.284
Cs 110 adatom -1.229 | -0.412 | -1.552
Cs 320 ledge -1.361 | -0.552 | -1.516
Cs 531 kink -1.346 | -0.537 | -1.512
Cs 320 step -1.429 | -0.620 | -1.599
Cs 110 terrace -1.370 | -0.562 | -1.534
Cs 100 terrace -1.502 | -0.693 | -1.627
1st Cs adsorption sites on the anode
Cs 100 hole -1.194 | -0.385 | -1.284
Cs 100 bridge -1.190 | -0.382 | -1.280
Cs 100 top -1.187 | -0.379 | -1.260
Cs 110 bridge1 -1.222 | -0.414 | -1.547
Cs 110 bridge2 -1.217 | -0.409 | -1.524
Cs 110 hole -1.220 | -0.412 | -1.537
Cs 110 top -1.229 | -0.420 | -1.552
Cs adatom sites on the anode

“The first column represents the adsorbed element (Li or Cs), the
second column represents the cleavage on the bulk Li to generate the
slab surface, and the third column represents the surface defect type.
The fourth, fifth, and sixth columns represent the adsorption energy
of the respective calculation in different references, as gas phase, as
bulk phase, and as solvated ions.

However, when the metal atom is solvated by one or two DOL
molecules, it is termed as “ion” (e.g, Li-ion in reference 3).
The optimized configuration of the adsorbed reduced atom
systems is used as the initial state configuration for ion-atom
adsorption, achieved by adding the solvent. The systems
containing the ion are optimized to ensure that the DOL
molecules solvate only one atom, as depicted in the schematic
Figure S1.

Eads = Esys - Eslab - EMI (1)

To discern the preferable deposition sites for Cs and Li, the
initial adsorption was conducted at adatom, ledge, kink, step,
and terrace sites. For each site, the lithium—metal anode was
cleaved in various orientations, as detailed in Table 1, and the
adsorbed atom was placed in the corresponding site
subsequently, the system underwent optimization. The
adsorption of a second atom was computed to elucidate how
a Cs or Li layer would expand over the Li-metal surface. To
explore this, we altered the distance between the two adsorbed
atoms on the <100> and <110> surfaces. To assess the stability
of a Cs layer over the anode, the adsorption of three atoms
(two Cs and one Li) was analyzed to determine whether Li
prefers to intercalate between Cs atoms or deposit at the edge
of a Cs layer on the <110> surface. Beyond the bare surface,
the impact of the SEI was investigated by calculating Cs
adsorption on an intact SEI, a damaged SEI, and a grain
boundary.

The initial adsorption of Li-reduced suggests a preference
for Li to occupy higher coordinated sites, such as terraces and
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Table 3. Adsorption Energy of a Second Atom Over the
Anode and in the Presence of Cesium

Eads | Eads | Eads | distance | distance
a;\stg:rl;se d cslzifvaz:ie System | gas bulk ion Cs:M _Cs:M

(eV) (eV) (eV) | gas (A) | ion(A)
Cs-Cs 100 A -1.139 | -0.330 | -1.120 | 6.358 6.034
Cs-Cs 100 B -1.136 | -0.327 | -1.279 | 6.520 5.920
Cs-Cs 100 C -1.147 | -0.338 | -1.311 | 7.313 6.908
Cs-Cs 100 D -1.170 | -0.361 | -1.322 | 9.953 10.038
Cs-Cs 110 A -1.294 | -0.486 | -1.458 | 9.728 9.674
Cs-Cs 110 B -1.271 | -0.462 | -1.187 | 6.282 5.727
Cs-Cs 110 o] -1.301 | -0.492 | -1.367 | 6.463 5.941
Cs-Cs 110 D -1.297 | -0.488 | -1.451 | 7.018 6.881
Cs-Cs 110 E -1.301 | -0.492 | -1.487 | 10.223 10.307

2nd adsorption of Cs sites on the anode
Cs-Li 100 A -1.639 | 0.229 | -1.813 | 4.428 5.122
Cs-Li 100 B -1.619 | 0.248 | -1.610 | 4.904 6.076
Cs-Li 100 o] -1.584 | 0.283 | -1.614 | 6.975 7.115
Cs-Li 100 D -1.585 | 0.282 | -1.662 | 9.859 9.977
Cs-Li 110 A -2.019 | -0.152 | -1.648 | 4.811 4.717
Cs-Li 110 B -1.995 | -0.128 | -1.771 | 4.903 5.493
Cs-Li 110 C -1.910 | -0.042 | -1.966 | 4.904 6.245
Cs-Li 110 D -1.909 | -0.041 | -1.764 | 8.244 7.406
Cs-Li 110 E -1.910 | -0.043 | -1.822 | 8.624 8.738
Cs-Li 110 F -1.892 | -0.024 | -1.810 | 9.957 9.818
Adsorption of Li sites on the anode in the presence of Cs
Li-Li 100 A -1.667 | 0.201 | -1.722 | 3.231 4.148
Li-Li 100 B -1.601 | 0.267 | -1.758 | 3.899 5.369
Li-Li 100 C -1.583 | 0.285 | -1.763 | 6.918 7.038
Li-Li 100 D -1.587 | 0.281 |-1.761 | 10.003 9.859
Li-Li 110 A -1.607 | 0.260 | -1.741 3.478 4.608
Li-Li 110 B -1.619 | 0.248 | -1.757 | 3.443 5.901
Li-Li 110 C -1.631 | 0.237 | -1.758 | 6.903 6.765
Li-Li 110 D -1.614 | 0.254 | -1.770 | 9.797 9.803
Li-Li 110 E -1.576 | 0.292 | -1.772 | 10.243 10.332
Li-Li 110 F -1.523 | 0.345 | 1.777 | 11.112 11.187
Adsorption of Li sites on the anode in the presence of Li

Table 4. Adsorption Energy of Intercalated Atoms, where
the Intercalations are between Two Cs Atoms and One Li
Atom

Atoms cleavage Sl | ks ey
] - rfacge System | gas bulk ion
(eV) | (eV) | (eV)
Cs-Li-Cs 110 site1 | -2.955 | -0.279 | 3.187
Cs-Cs-Li 110 site 2 | -2.927 | -0.251 | 3.201
Adsorption of intercalated atoms

steps, within the slabs, forming a bulk phase. The adsorption
energies of the first atom on different sites are detailed in Table

2, and the corresponding cell parameters are presented in
Table 1. The configuration of the site is illustrated in Figure S3.
Both Li-reduced and Li-ion adsorption (Table 2 and Figure
S9) predominantly occur as adatoms on the <110> surface
(bridge site) rather than the <100> surface (hollow site). The
preferential sites for Li-ion tend to differ from those observed
for Li-reduced, except the adatom locations, where Li-ions also
preferentially deposits. The calculations indicate that a Li-ion
preferably deposits as an adatom on the <110> surface,
followed by other sites such as step and ledge, in that order.
This disparity in preferential sites suggests a distinct diffusion
orientation between Li-ion and Li-reduced on the bare surface.
Due to the interaction between the bare phase and the
electrolyte, Li-ions are more likely to be present on the surface,
as ionic double layer. These higher presence of ions imply that
Li has a higher likelihood of depositing on low coordination
sites rather than high coordination sites, indicating a tendency
to preferentially form dendrites over the <110> surface. The
schematic mechanism of Li-ions moving to form a dendrite,
where the Li-ion leaves a site, such as a ledge, to adsorb as an
adatom, facilitating dendrite growth. This mechanism is
particularly relevant after the SEI breaks and the bare phase
is exposed.

The initial adhesion of Cs-reduced and Cs-ion atoms to the
anode is detailed in Table 2, with the visualization of the sites
provided in Figure S2. It is observed that as the adsorption
energy of Cs-reduced increases, the adsorption energy of Cs-
ion also increases (Figure S9). Consequently, Cs-reduced and
Cs-ions exhibit a tendency to occupy the same sites. The
substitutional energy was calculated by replacing four Li atoms
in a Li supercell with one Cs atom, to preserve similar volume,
and the lattice parameters can be found in Table 1. The
positive formation energy of Cs as a substitutional atom is an
indication that Cs and Li are immiscible and do not form
alloys, aligning with experimental findings indicating the lack of
miscibility in the Cs—Li phase diagram under normal pressure
conditions.”® Therefore, Cs does not migrate to the bulk
anode; instead, it remains on the anode surface, accumulating
until it forms a layer or is trapped by a solid-electrolyte
interphase (SEI), forming a shield or reducing defects on the
SEL Cs tends to deposit preferentially on the <110> surface
rather than the <100> surface as an adatom, following a similar
trend to Li atoms. This implies a competition between Cs and
Li for deposition on the <110> surface, although the
adsorption of Li is preferential.
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Figure 1. Relationship between the adsorption energy for the same site, comparing lithium and cesium deposition, in a reference for the gas phase
and as an ion, is plotted on the left. The correlation between the adsorption energy of Cs and probability density is plotted on the right.
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Figure 2. Images of adsorption of a second atom on the surface, where cesium is deposited on the same site and lithium changes the site position
distance related to cesium. The atoms are colored in such a way that lithium from the slab is represented by light purple color, deposited lithium as

atom as pink and cesium as dark purple.

The preferred site for Cs adatom deposition on the <100>
and <110> surfaces was calculated (see Table 2), with the
most stable site used as a reference for comparison with other
sites (e.g., ledge, step, kink). On the <100> surface, tests were
conducted for deposition on the hollow, bridge, and top sites
(see Figure S3), and the hollow site was determined to be the
preferred one. For the cleavage surface <110>, the bridgel,
bridge2, hollow, and top sites were tested (see Figure S3), with
adsorption occurring preferentially on the top site.

The most favorable site energy for Li adatom was used as
the reference for the first Cs deposition and as the initial site
reference for the adsorption of a second Cs. For the first atom
deposition of both Cs and Li, the adsorption energy of the
atom as an ion is larger than as a reduced atom. Additionally,
the adsorption energy of Li-ions is stronger than that of Cs-
ions, suggesting that dendrites may first form, followed by Cs
accumulation on the <110> surface, thus formation of a Cs
shield on the dendrite. Eventually, a Cs layer can cover the
dendrite, as indicated by our calculations. Considering the
small concentration of Cs in the electrolyte and its lack of
amalgamation with Li-metal, we assume that Cs remains on the
surface and does not form a bulk Cs-metal.

The relationship between the adsorption energy of Cs and Li
for the same sites (Figure 1) reveals a linear correlation
between the adsorption of Cs-reduced and Li-reduced.
Consequently, the same sites preferred for Cs-reduced
adsorption are also favored for Li-reduced. Because there is
competition between reduced Li and Cs atoms to be adsorbed
at the most stable sites, Li will preferentially occupy these sites,
repelling Cs to less stable sites. However, this correlation is not
evident when comparing ions, as the preferred sites for Li-ions
differ from those for Li-reduced, Cs-reduced, or Cs-ions. To
assess whether Cs tends to deposit on dendrites, the radial pair
distribution function (RPDF) was integrated (from 0 to 10 A)
to obtain the probability density of finding atoms in that
region. Since a dendrite can be represented by a protuberance,
the probability density in dendrites is smaller than in other
regions of the anode. Moreover, dendrites contain more low
coordination sites. As depicted in Figure 1, reduced Cs exhibits
a preference for depositing in regions where the probability
density is smaller. Consequently, the simulations suggest that
Cs-reduced or Cs-ion will preferentially migrate to dendrites,
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as Cs atoms prefer to stay in low coordination sites such as
dendrites.

To elucidate the growth of a Cs layer around the dendrite,
the second adsorption of cesium was computed. Based on the
calculations for the initial atom deposition, considering that the
dendrite predominantly grows from the <110> cleavage
surface, and Cs also exhibits a preference for depositing as
an adatom on the <110> surface. Given that the favored
deposition sites for Cs are hollow sites on the <100> surface
and top sites on the <110> surface, the second Cs adsorption
was applied to the same sites (hollow and top) for each
surface, with variations in the distance between Cs atoms (e.g.,
Cs deposited on a top site for the <110> surface and a second
Cs deposited on another top site on the same surface, as
illustrated in Figure S4). The adsorption energy calculated for
the second deposition of Cs is detailed in Table 3. When the
two adsorbed atoms are initially too close, they tend to move
away from the original site, due to the large ionic shell of the
Cs atoms. This effect is more pronounced when adsorption
occurs in the presence of ions, attributed to the electrostatic
effect (Figure S4). The calculations suggest that, on both
cleavage surfaces, < 100> and <110>, the second adsorption of
Cs becomes more stable as the distance between Cs—Cs
increases (Figure S9). However, the difference in energy
between two farther sites diminishes. This implies that initially,
Cs tends to uniformly spread over the dendrite. To form a Cs
layer, it is crucial to accumulate a sufficient amount of Cs on
the dendrites to establish an electrostatic shield. Consequently,
the quantity of Cs available in the electrolyte should influence
the dendrite healing process. Considering that Cs adsorption
on the <100> surface is weaker than on the <110> surface, Cs
may migrate from the <100> surface and homogeneously
accumulate on the <110> surface, where dendrites preferen-
tially form, as indicated by our calculations.

The second adsorption of Li in the presence of Cs on the
surface was examined using the same methodology employed
for the second Cs adsorption. The adsorption energies of the
second Li following the deposition of the first atom (Cs) at
various sites are detailed in Table 3, and the corresponding
sites are depicted in Figures 2 and S4. The simulations suggest
that the closer the distance between Cs and Li adsorbed on the
surface (Figure S9), the stronger the adsorption energy. This
trend holds true for both surfaces, <100> and <110>, and is
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applicable to both Li-reduced and Li-ions. Although Li and Cs
exhibit a preference for depositing near each other, there exists
a cutoft distance beyond which the adsorption becomes less
stable. Additionally, this cutoff distance increases when both
atoms are ions, indicating the influence of the electrostatic field
produced by the charge of the ions, as observed for Cs atoms.
Consequently, while Cs tends to disperse over the surface, Li
prefers to deposit closer to Cs atoms. The simulations suggest
that initially, when Cs is still dispersed around the dendrite, it
may aid in nucleating more adatom sites. Hence, it can be
speculated that an increase in the number of adatom sites may
enhance the nucleation rate of new dendrites and reduce the
rate of dendrite growth, while also dispersing the adatom Li-
ions on the <110> surface.

When Li is adsorbed in proximity to another Li atom, it
tends to favor adsorption near an already reduced Li atom
(Table 3). However, when Li is deposited as an ion, the
preference shifts toward sites that are farther away (Figure S9).
While Li-ions typically deposit in low coordination sites,
predominantly as adatoms on the <110> surface, they tend to
disperse across the surface and accumulate on the <110>
surface. As Li-ions undergo reduction, they exhibit a tendency
to agglomerate. Consequently, Li-reduced and Li-ion display
distinct site preferences, leading to different diffusion fluxes
between them. The manner in which Li-ions deposit as
adatoms and accumulate becomes crucial for dendrite
formation. As more Li-ions adsorb in the same region, the
reduction rate of Li-ions increases. Agglomerated Li-reduced
atoms create new sites for the deposition of additional Li-ions.
The intensity of the current in the battery plays a significant
role, and if lithium ions lack sufficient time to disperse, Li will
undergo local reduction, initiating dendrite nucleation. As Li-
ions tend to disperse across the surface and migrate to low-
coordinate sites, the pathway that a Li-ion takes to deposit
becomes crucial. Consequently, heterogeneities such as grain
boundaries, uneven distribution of the electric field, and other
factors contribute to the dendrite formation process. In a
general sense, Li-ions migrate to the <110> surface, disperse
across this surface, but with the accumulation and reduction of
Li-ions, Li agglomerates, and new Li-ions deposit as adatoms
on the newly formed sites resulting from this agglomeration. It
is important to note that, as mentioned earlier, the surfaces
tend to be altered to create more adatom sites, favoring
dendrite formation.

To comprehend how the Cs layer may envelop dendrites
and its impact on dendritic growth, an interchange related to
the positions of three adsorbed atoms on the surface was
conducted. Li was introduced between two Cs atoms on site 1,
while Cs was introduced between a Cs and one Li atom on site
2. These configurations are illustrated in Figure 4, and the
corresponding adsorption energies are outlined in Table 4. In
ion-based adsorption, Cs demonstrates a preference for
intercalation between another Cs-ion and Li-ion. On the
other hand, when the adsorption involves reduced atoms, Li
predominantly intercalates between two Cs atoms. Consider-
ing the surface’s contact with the electrolyte, the influence of
ions is more pronounced than that of reduced atoms.
Consequently, it is anticipated that the Cs layer will expand,
causing Li-ions to migrate toward the layer’s edge. As the ions
accumulate and undergo reduction, the edge layer diminishes,
dispersing Cs atoms to accumulate in other regions. Thus, the
simulation results align with the expectation that a Cs shield
would form, enveloping the dendrites. Hence, further
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investigation is essential to determine whether the layer
creates a positively charged shield around the dendrites, as
suggested by the SHES.

A monolayer of Cs was deposited and optimized onto the Li
anode to mimic the Cs layer shield on the dendrites. The
charge density was computed following eq 3, where y
represents the charge density, B sys denotes the electron
density in the system, and §_i signifies the electron density of
element i (e.g, Cs, Li) within the system. The cell
configuration and charge density are depicted in Figure S6;
the small cutoff in the isosurface was selected to facilitate the
observation of boundaries between regions with high and low
electron densities. Notably, even in a neutral system, negative
charges accumulate (electron accumulation) as a layer between
Li atoms closest to the surface, and they also concentrate on
the top of Cs atoms in a cone-like structure. Meanwhile,
positive charges (electron density depletion) are confined
between the negative charges on the surface and the vacuum
region of the cell. Consequently, two layers of negative charge
emerge—one between Cs and Li, and the other between Cs
atoms and the vacuum. These findings substantiate the
creation of a positive shield around the dendrites through Cs
deposition, aligning with the SHES model.

r="F,— 208 3)

Another postulate of the SHES model suggests that Li-ions
are prevented from depositing on dendrites due to repulsion
promoted by the positive electrostatic shield generated when
Cs covers the anode. To assess whether Li is expelled by the
Cs layer, Li-reduced was introduced atop the Cs layer, and
DOL molecules were subsequently added one by one, as
illustrated schematically in Figure 3. It is observed that more
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Figure 3. Deposition of Li solvated by DOL over the anode after
geometric optimization, where the anode is covered by a Cs
monolayer (left). The correlation between the Li-ion charge by the
number of DOL molecules solvating the ion (from 1 to 3), the
distance between the Li-ion and the Cs layer, and the adsorption
energy of the ion on the Cs layer (right).

solvated Li-ions on the surface tend to possess higher ionic
charges and exhibit more stable adsorption. As a result, the Cs
layer tends to adsorb the ions rather than expel them.
However, as the ion’s charge increases, so does the distance
between the Li-ion and the Cs layer. Hence, simulations
indicate that Li-ions can be adsorbed on the surface but may
migrate through it until they reach the layer’s edge. The
increase in ion distance, attributed to a higher charge, may
facilitate ion diffusion within the Cs layer. This is shown in
Figure S7, where the climb-nudged elastic barrier method
yields a barrier of 0.09 eV for a Li-ion to diffuse over the Cs
layer. The low barrier suggests that Li-ions can readily navigate

https://doi.org/10.1021/acs.chemmater.4c01601
Chem. Mater. 2024, 36, 84778487


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01601/suppl_file/cm4c01601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01601/suppl_file/cm4c01601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01601/suppl_file/cm4c01601_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01601?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01601?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01601?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01601?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

around the Cs layer, supporting the assumption that Li-ions
will diffuse above the Cs layer and deposit on surfaces not
localized on the dendrites.

Over the Li metal bare phase, despite Cs preferring to
deposit on the dendrite to establish a positive electrostatic
shield, it is also crucial that the energy barrier for Cs diffusion
over the surface is small. The diffusion energy barriers for both
surfaces are small, at 0.025 and 0.029 eV for the <100> and
<110> surfaces, respectively (Figure S7). Cs on the <110>
surface moves between top sites at a distance of 2.98 A, while
on the <100> surface, it moves between hole sites at a distance
of 4.87 A. Consequently, Cs can easily migrate across the bare
anode surface to deposit over the dendrite, serving as an
electrostatic shield against Li-ion deposition.

The charge isosurface (at level Se-4lel) of the anode covered
by a Cs layer was computed under three distinct scenarios, as
depicted in Figure 4. When Li-reduced is deposited on the

Figure 4. Configuration of the anode covered by a Cs layer. Over this
surface, three different configurations were calculated (A) a reduced
Li is deposited; (B) a Li-ion solvated by two DOL molecules are
deposited; and (C) the electrolyte covers the surface. The atoms are
colored in such a way that Li has a green color and Cs a blue color.
The charge isosurface has the intensity of Se-4lel, where the positive
charge isosurface has a blue color, and the negative charge isosurface
has a yellow color.

surface, Li occupies a bridge site between two Cs atoms,
resulting in the formation of a negative charge toroid around
the Li atom. The isosurface exhibits a toroid shape connected
to the negative charge concentrated on top of the Cs atoms
(Figure 4). The change in the positive charge volume, as
defined by the isosurface, without the Li atom’s adsorption, is
considered negligible and remains localized in the same region
(between the Cs atoms), completely overlaying a negative
charge volume situated between the Li anode and the Cs layer.
Upon solvation by two DOL molecules, transforming into an
ion, the toroid contracts, yet a negative charge volume persists,
covering the Li-ion and linking this volume to the negative
charge volume positioned on top of the two Cs atoms. In the
DOL molecule, the negative charge volume of the electrolyte
envelops the atomic nuclei, while a positive charge volume
encompasses this negative volume (except around the oxygen
atoms). When the anode is shielded by a Cs layer and this layer
is covered by another layer consisting solely of DOL
molecules, the oxygen from DOL molecules is deposited on
the Cs atoms’ tops. In the presence of the electrolyte, the
positive charge volume almost entirely envelops the anode,
with some negative charge volumes sporadically located where
the oxygen atoms of the electrolyte are positioned.
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Consequently, the electrolyte enhances the Cs layer’s effect,
augmenting the thickness of the positive charge volume formed
by the Cs layer.

While the adsorption energy calculations on the lithium
metal bare surface align with the SHES model, the bare lithium
metal surface interacts with the electrolyte, giving rise to the
formation of a solid electrolyte interface (SEI). Thus, it
becomes imperative to elucidate the role of Cs in the SEI and
its potential impact on SEI defects. The cell configuration,
absorption and adsorption energies of Cs and Li in the
presence of the SEI for various sites, along with the
visualization of the tested sites, are detailed in Table 1 (unit
cell), in Table 5 (adsorption energy), and Figure S (visual-

Table 5. Adsorption Energy of the Cs Atom on SEI Surface,
on Damaged Regions of the SEI, and in the Grain Boundary

A | ekt System Egaadss Ilsai?lf Ei‘;:s
adsorbed | surface (V) (eV) (eV)
Cs 100 SEI1 -0.084 | 0.725 | 1.438
Cs 100 SEI 2 -0.065 | 0.744 | 1.428
Cs 100 SEI 3 -0.104 | 0.705 | 1.388
Cs adatom sites on the SEI
Cs 100 SEI broke 1 -0.747 | 0.062 | -1.201
Cs 100 SEI broke 2 -0.580 | 0.228 | -1.004
Cs 100 SEI broke 3 -1.194 | -0.386 | -1.566
Cs 100 SEI broke 4 -0.149 | 0.659 | -0.502
Cs 100 SEI broke 5 -0.545 | 0.264 | -0.993
Cs 100 SEI broke 6 -0.119 | 0.690 | -0.231
Cs adatom sites on a damaged SEI
Grain Boundary
Cs 100 1 -1.746 | -0.938 -
Grain Boundary
Cs 100 2 -0.857 | -0.049 -
Cs absorption on the Grain Boundary
Grain Boundary
Li 100 1 -2.084 | -0.216 -
Grain Boundary
Li 100 2 -2.215 | -0.348 -
Li absorption on the Grain Boundary

ization of the system), respectively. The positive adsorption
energy of reduced Cs in a bulk reference, as well as for Cs ions,
on intact SEI sites suggests that Cs is unlikely to deposit on the
SEI surface. Instead, it tends to form a bulk Cs or migrate to
damaged regions within the SEIL Introducing a V-shaped notch
of 45° on the intact SEI to simulate a fracture, which exposes
the bare Li phase, results in Cs atoms preferentially depositing
on the damaged SEI During the optimization of the damaged
SEI, the bare Li surface tends to be restored by the SEI,
thereby reducing the exposed area. Cs atoms deposit
preferentially on the damaged SEI, with the most stable sites
located at the interphase between the metal surface and the
SEI Additionally, the adsorption energy on the bare phase is
stronger than on the SEI surface. Therefore, in instances where
the SEI is damaged during cycling, Cs is inclined to deposit on
the damaged area or nanofractures that may emerge on the
SEIL As a result and considering the shield effect, Cs mitigates
the deposition of Li-ions on the damaged areas, leading to a
more uniform deposition of Li-ions across the anode. Also,
heterogeneities within the SEI can create preferential paths for
Li deposition, contributing to dendrite growth, especially at
grain boundaries.”’ A simulated grain boundary interphase,
denoted as "X _5,” constructed by cleaving the <310> surface
of LiF, indicates that Cs exhibits greater stability at the grain
boundary compared to deposition on the bare Li metal surface.
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Figure 5. Adsorption sites for Cs deposition over the SEI and in the
grain boundaries. (A) The sites for Cs deposition on an intact SEL
(B) The sites for Cs deposition on a damaged SEI (C) Sites for Cs
deposition in the grain boundary. (D) Change in the structure of
grain in the presence of the grain boundary. The atoms are colored in
such a way that Li has a light purple color, Cs a dark purple color and
F has cyan color.

Consequently, Cs has the potential to close grain boundaries,
impeding the diffusion of Li along the grain boundary.
Moreover, Cs plays a role in reducing heterogeneities within
the SEI and the anode, thereby diminishing preferential
pathways for lithium diffusion.

The calculation of the average charge density (ACD) in the
presence of a grain boundary involved assessing the z- and x-
directions was averaged based on the eq 3. Here, the z-
direction is perpendicular to the surface, and the x-direction
runs parallel to the cleavage surface. In the z-direction, the
ACD remains constant in the metal phase and vacuum region
but exhibits oscillations within the SEI layer, primarily
influenced by fluorine atoms. The oscillations intensify along
the x-direction, particularly in regions where grain boundaries
are located, suggesting that SEI defects such as grain
boundaries can locally impact the ACD. To comprehend the
influence of Cs on the ACD when absorbed on grain
boundaries, we calculated the ACD without Cs, denoted as
“A”, the ACD with Cs on the grain boundary denoted as
“A(Cs)”, and the ACD of Cs in the grain boundary denoted as
“Cs” (refer to Figure S8). The ACD between the metal phase
and the anode remains unchanged with the presence of Cs on
the grain boundary. However, the introduction of Cs on the
grain boundary amplifies the intensity of ACD oscillations,
particularly from the location of Cs on the grain boundary
extending to the surface. The electron density of Cs is
concentrated near the Cs atom, thereby altering the intensity
of oscillations due to the redistribution of electron density
involving Li and F. Since Li may migrate through the SEI as an
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ion, the alteration in ACD caused by Cs absorption on the
grain boundary could impact the energy barrier for Li
migration through regions close to the grain boundary. This
suggests that the diffusion of Li in the bulk SEI, near the grain
boundaries, is influenced by the presence of Cs and the
associated atomic stress. Moreover, the configuration of grains
near the grain boundary (£_S) undergoes changes; the system
readapts to minimize the grain boundary surface. As depicted
in Figure S, the SEI is expected to adopt a four-sided geometry,
with each side having similar lengths and sizes, and angles close
to 90°, contingent upon the local stress experienced by each
region. However, after optimization, local structures shift,
indicating that the structure of the SEI undergoes alterations
near grain boundaries with specific angle contacts.

In the process of lithium ions deposition into the anode,
after the formation of the SEI, we can consider two different
scenarios: The migration of the Li-ions through the SEI, and
the flux of Li-ions into the lithium bare phase when the SEI
breaks and exposes the metallic structure. In the first situation,
Cs-ions will decrease heterogeneous deposition by occupying
defects and grain boundaries in the SEI (Figure S). In the
second state, the electric field will concentrate the migration of
Li and Cs ions from the electrolyte onto the lithium bare
phase, and the migration of Li and Cs atoms on the surface.
Considering that Cs-ions will accumulate on the surface,
preferentially in low coordination sites as in dendrites, together
with the solvent, a positively charged layer tends to be formed
(Figure 4), which may repel the deposition of further Li-ions in
the dendrite.

Bl CONCLUSION

According to the SHES model, the introduction of cesium salts
into the electrolyte at a low concentration prevents the
reduction of Cs ions during the anode charging process,
allowing only the reduction of Li-ions. This model proposes
that Cs ions will form a protective layer over the anode’s
dendrites, establishing a positive electrostatic shield that
hinders the deposition of Li ions on the dendritic surface.
Consequently, this mechanism aims to inhibit dendrite growth
and facilitate the healing of existing dendrites in the battery. To
assess the validity of the SHES model, it is imperative to
examine the following hypotheses: (H1) Cs will remain on the
surface as a layer; (H2) This layer will effectively cover the
dendrites; (H3) The layer exhibits a positive charge; (H4) The
layer repels Li-ions; (HS) The Cs layer is stable. Additionally,
delving into the implications of Cs on SEI growth is essential
for expanding our understanding beyond the proposed SHES
model.

The initial adsorption calculations for cesium and lithium,
whether in reduced or ionized forms, were examined across
various sites. It was observed that Cs-reduced, Cs-ion, and Li-
reduced exhibit a tendency to deposit on the same sites,
suggesting a competitive interaction among these atoms during
deposition. Cs demonstrates an absorption that is not favored
in the bulk anode, favoring adsorption on the Li-metal anode
rather than forming a bulk material. Additionally, Cs exhibits a
preference for deposition in low-coordination Cs—Li sites.
Consequently, it can be inferred that Cs remains on the surface
of the anode and selectively migrates toward dendrites. This
aligns with hypotheses H1 and H2. The favored adsorption
sites for Li-ions are adatom sites on the <110> surface,
followed by step sites, indicating a tendency for Li-ions to
deposit in low-coordination locations. This implies that
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dendrites will predominantly grow perpendicular to the <110>
surface, with Li-ions preferentially depositing on the dendrites.
Cs tends to deposit favorably on the <110> surface, suggesting
the formation of a Cs layer primarily on this surface, where
dendrites preferentially grow. This underscores the competi-
tion between Cs and Li.

The calculations for the adsorption energies of the second
atom were conducted for both Cs and Li. In the case of a
second Cs adsorption, the results suggest that Cs will
predominantly disperse over the adsorbed surfaces. Hence,
Cs needs to initially accumulate on the dendrites to establish a
uniform layer. When Cs is the first adsorbed atom and Li is the
second, Li tends to deposit in close proximity to Cs. This
implies that initially, Cs may contribute to the dispersion of
adatom Li-ions. Li-reduced exhibits a tendency to accumulate,
while Li-ions tend to disperse over the surface, with an
accumulation on the <110> surface. This introduces a
competition between Li-reduced and Li-ions. Sites where Li
preferentially deposits will experience a faster reduction of Li-
ions, allowing new Li-ions to cover the surface and gradually
build the dendrite. Factors such as damaged SEI, grain
boundaries, uneven electric field distribution, and current
density contribute significantly to the formation of dendrites.
In the case of three atoms adsorbing on the surface (two Cs
and one Li), the calculations indicate that Cs-ions preferen-
tially adsorb closer to other Cs-ions rather than Li-ions. This
assumption suggests that as Cs accumulates, it will form a
stable layer, and Li will tend to deposit favorably on the layer’s
edge, supporting hypothesis HS.

The study involved two systems to examine the charge
distribution when the anode is completely covered by Cs and
when the electrolyte is additionally adsorbed over this Cs layer.
Cs exhibits a charge of +0.35lel and +0.70lel in the presence
and absence of the electrolyte, respectively. The isosurface
reveals that the negative charge volume is located between the
Li anode and the Cs layer, as well as on top of the Cs atoms.
The positive charge volume is confined between Cs atoms and
the vacuum, encompassing both negative charge volumes. The
presence of the electrolyte enhances the positive charge
volume, expanding its size, aligning with hypothesis H3.
However, when a Li-ion is adsorbed over the Cs layer, the
absorption energy of Cs strengthens with an increasing number
of DOL molecules solvating the Li-ion. As the charge increases,
the adsorption stability in the Cs layer also increases. This
contradicts hypothesis H4; nevertheless, it can be considered
that as the Li-ion becomes more solvated, the distance between
the Cs layer and the Li-ion increases, potentially allowing Li-
ions to move above the Cs layer and deposit outside the
dendrites onto other regions, contributing to the healing of the
anode.

When the SEI is present, the computations suggest that Cs
will relocate to areas with damaged SEI, particularly to regions
where the bare Li metal surface is exposed or to grain
boundary sites. Consequently, Cs will mitigate the hetero-
geneities in the SEI, diminishing preferential pathways for Li-
ion deposition.
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