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Li plating on the anode is a side reaction in Li-ion batteries which competes with Li intercalation and leads to
loss of capacity. Growth of Li clusters into dendrites is a potential safety hazard for batteries which can lead
to internal short-circuit and fires. We consider two possibilities of Li deposition on the surface of graphite
anode: deposition of Li* ions uniformly on the surface and deposition of clusters of metallic Li. Using ab
initio simulations, we predict the operating voltage for the occurrence of the above processes and safety
measures to prevent dendrite growth in batteries. We find that Li deposition occurs in the following
stages: at positive voltages vs. Li, surface deposition of Li* ions is the dominant process. Below a critical
cross-over voltage, the process of reduction of aggregated Li* ions and the formation of metallic Li
clusters takes over. This cross-over voltage is found to be —12 mV on the basal plane of unlithiated
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1 Introduction

Progress in the electrification of vehicles critically depends
upon the performance of the energy storage device, which is
primarily a Li-ion battery (LIB).' Desirable criteria of LIBs in
electric vehicles are safety, lifetime and fast charging, which
depend upon the materials used in the LIB. Graphite, the most
commonly used anode material in the LIB is vulnerable to Li
plating, which leads to loss of capacity, and is a potential safety
hazard.* The causes, mechanism, and mitigation strategies of Li
plating are being intensively studied in order to address this
important safety concern.>®

The thermodynamic condition for Li nucleation occurs when
the graphite anode is at a lower voltage with respect to a stan-
dard Li metal reference electrode.”® Nucleation is defined here
and elsewhere as the first step in the conversion of a metastable
phase into a stable form, e.g. the formation of dendritic crystals
of snow during supercooling of water vapour. Gao et al
demonstrated that the Li-ion diffusion limitation in a single
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Li-ion batteries, the voltage on the graphite anode should be kept above the cross-over value.

graphite particle can also lead to saturation of Li at the graphite
edges causing Li nucleation to occur.? A recent study by Lu et al.
explores lithiation in multi-particle graphite electrodes,
showing that Li plating and stripping depend on both intra-
particle as well as inter-particle diffusion.” Several studies
have tried to suppress formation of dendrites of metallic Li on
graphite anode during fast charging,' e.g. with carbon nano-
tubes on graphite anode,'* aligned graphene arrays,'* coating an
ultra-thin layer of gold on separator,”® potassium electrolyte
additives,™ a localized high-concentration electrolyte,* etc.

Multiscale modelling techniques have also been applied to
design safe and fast charging batteries.'®'” Atomistic compu-
tational simulation studies have revealed important insights
into the nucleation of Li clusters."”*° The binding energy of Li
clusters on a graphene surface has been found to be higher than
on the surface of Li metal suggesting a plausible cause for the Li
nucleation reaction.* The energy barrier for the Li nucleation
reaction has been found to depend upon the state of charge,
voltage, and can be altered in the presence of functional
grOUpS.21’22

In our previous work, we simulated the faradaic deposition
and dissolution of Li nanoclusters on graphite, predicting the
formation and dissolution of clusters, as a function of the
applied negative overpotential vs. a standard lithium reference
electrode.” We were able to predict the voltage, state of charge
and location for growth of Li clusters on graphite anode in good
agreement with experimental measurements. Using the concept
of the potential of zero nucleation energy (Up,x), we calculated
the overpotentials required for the deposition of Li, clusters
from n = 1 to 65. Simulations predicted nucleation and growth
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of small clusters at negative overpotentials, reversibly with
varying potential up to a critical cluster size; however, beyond
a critical size and potential, the growth would be uncontrol-
lable, with important implications for subsequent dendrite
growth.

The present work adds the parallel reaction of double layer
charging that occurs at all potentials, due to adsorbed Li" ions
balanced by electrons beneath the surface, similar to super-
capacitors. As before, we used the standard thermodynamic
model of nucleation and growth with the concept of the
potential of zero nucleation energy (Upzy). By contrast with Li
clusters quantified by size, double layer charge is better quan-
tified by surface charge density i.e. charge per surface area,
assuming uniform surface coverage by equally spaced Li* ions
due to electrostatic repulsion, as depicted in Fig. 1 of the results
section. It also assumes a substrate-layer registration as noted
for other examples of electro-adsorption on single crystal
surfaces e.g. H' adsorption on Pt.2

Finally, we note that the two processes of Li" ion adsorption
and faradaic deposition of Li clusters can occur simultaneously
like charging of two capacitors connected in parallel. Gao et al.
visualized colour changes in graphite and recorded growth of
large dendrites via operando optical imaging during the exper-
iment using a stereomicroscope and digital camera.® Experi-
mental observation of formation of small clusters could require
very sophisticated techniques such as in situ microscopy at
atomic resolution. However, the formation of two-dimensional
surface crystals in regular patterns on the basal plane could
be amenable to diffraction analysis, revealing nearest-ion
distances decreasing as the potential drops to zero. Moreover,
Slow Scan Cyclic Voltammetry (SSCV) and the Potential Inter-
mittent Titration Technique (PITT) could be used to confirm the
potentials (vs. a Li reference electrode) at which step changes in
the total charge passed occur (c¢f. Fig. 6 of results section). We
now present methods, results and discussion followed by
conclusions, as predictions, with an open challenge for experi-
mental electrochemists to verify such phenomena.

(a) Unlithiated graphite (b) Lithiated graphite
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Fig. 1 Atomic Mulliken charges on the Li-graphite system during
surface coverage (a) unlithiated graphite (b) lithiated graphite.
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2 Methods

The nucleation reaction of Li on a graphite anode can be written
as nLi + G — Li,|G, where G represents the graphite and Li,|G
represents n atoms of lithium nucleated on graphite either
spread uniformly on the surface or clustered together. The
grand free energy change of the above reaction or the nucleation
energy (AQ) governs the thermodynamic feasibility of the Li
nucleation at an applied voltage (U), which is calculated in the
same way as in ref. 23:

AQ(U) = Qu; (V) — Qa(U) — n x WU = 0), (1)

where S (U = 0) is the electrochemical potential of Li at the

reference electrode, which is calculated from the change in the
free energy of the Li reference electrode slab with respect to the
number of Li atoms in the slab. From the calculation of
nucleation energy at different applied voltages (U), one can find
the voltage at which nucleation energy reaches zero, or the
voltage below which Li nucleation becomes thermodynamically
feasible. This voltage is called the potential of zero nucleation
energy (Upzn)-

To calculate the grand free energy Q, we use density functional
theory (DFT), a popular method for modelling the electronic
structure of materials.”*** We use the ONETEP DFT program
which has a linear-scaling computational cost with the system
size.””?® The kinetic energy cutoff of 1000.0 eV is used for the basis
set consisting of psinc functions which are equivalent to plane
waves.?® A radius of 8.0 g is used for the localized orbitals which
are non-orthogonal generalized Wannier functions (NGWFs).*
Perdew Burke Ernzerhof (PBE) generalized gradient approxima-
tion is used for the exchange correlation functional.** Van der
Waals interactions are represented using a D2 dispersion model.*?

The simulations under applied voltage (U) are performed
using DFT in a grand canonical ensemble.*® Within this frame-
work, the calculated chemical potential of electrons (u=*) in the
Li reference electrode is found to be —4.42 eV. Calculations on
the graphite electrode are performed under an applied potential
of U= —0.1, 0.0, 0.1 V with respect to the Li reference electrode.

(a) Unlithiated graphite  (b) Lithiated graphite
L\L (i,
B CEVITETE

Mulliken Char

Fig. 2 Atomic Mulliken charges on the Li-graphite system during
cluster growth (a) unlithiated graphite (b) lithiated graphite.
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In this way, the chemical potential of electrons on the graphite
anode is constrained at p. = ©'f — e x U, and the number of
electrons is allowed to vary, which leads to the development of
a net charge on the electrode. The charged electrode is neutral-
ized by the build-up of oppositely charged ions of the electrolyte
near the interface.*** The electrolyte is described by the Poisson—
Boltzmann equation, which is solved using the DL_MG multigrid
solver.***” The electrolyte is 1.0 M LiPF, in ethylene carbonate
solvent (EC). The accessibility function for the electrolyte is
described as a product of soft spheres of error functions around
atom centres.*® The size of the soft spheres is determined by an
isoradius of radial electronic density for an isolated atom at
a value of 0.001 e/a,® and a solvation shell radius of 3.0 a,, which
are obtained by calibrating computed activity coefficients of
electrolytes with experiments.*® The EC solvent is also described
via the soft-sphere model,*® with a dielectric permittivity of 90.7
at 298.15 K,* and a surface tension of 0.0506 N/m.*® The struc-
tural geometries for Li clusters and graphite electrodes have been
obtained using ab initio molecular dynamics (AIMD) simulations
from our previous paper.® For larger Li clusters included in this

(a) Uniform surface coverage

1.5
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study, additional AIMD has been performed using the same
methodology. Li clusters of different size are carved from a Li
bulk body-centred cubic (BCC) structure and placed on the
graphite surface. AIMD is performed for 6 ps with a time step of
0.5 fs. Three low-energy configurations from AIMD simulation
are chosen and the structural geometry is optimized. The lowest
energy structure is chosen for calculations of nucleation energy.
During the course of AIMD simulations, the large Li clusters
changed from a crystalline to an amorphous-like structure.
Although Li prefers a BCC structure at room temperature, the
transformation to an amorphous-like cluster may be indicative of
the Ostwald mechanism.** All input, output and structural files
are provided for reproduction of results.

3 Results and discussion
3.1 Structural models and oxidation states

The structures and the corresponding oxidation state of the Li-
graphite system is shown via Mulliken charges on a colour scale
in Fig. 1 and 2 for the two mechanisms of Li deposition, which

(b) Cluster growth
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Fig. 3 Energy required for nucleation of (a) Li* ions uniformly on graphite surface and (b) Li cluster on graphite surface. The simulations were
performed under potential control at different voltages (U = —0.1, 0.0, 0.1 V).
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are uniform surface coverage and cluster growth, respectively.
We consider Li deposition at two states of charge of the graphite
anode: Li deposition on a graphite electrode which has no
intercalated Li (called unintercalated or unlithiated graphite)
shown in (a) and Li deposition on a graphite electrode which is
fully intercalated with Li (called intercalated or lithiated
graphite) shown in (b). Note that even though Li gets deposited
on unlithiated graphite, it still remains ‘unlithiated’ (as no Li is
intercalated). Unlithiated graphite has AB stacking, whereas
lithiated graphite has AA stacking. There are 256 carbon atoms
in each layer of graphite. The number of deposited Li can be
normalized per surface carbon hexagon corresponding to Li,Ce.
Note that ‘x> denotes amount of deposited Li and not the
intercalated Li. We consider the entire range 0 =< x = 3. The
clean surface corresponds to x = 0, while the fully covered
surface corresponds to x = 3.

As seen in Fig. 1(a), uniform surface coverage on unlithiated
graphite leads to a positive charge on the lithium in the form of
Li" ions and a slightly negative charge on the carbon atoms
underneath. Full surface coverage shows reduction in the
oxidation state of lithium close to that of metallic plated Li.
Uniform surface coverage on the lithiated graphite in Fig. 1(b)
shows similar adsorption of Li* ions and a slightly negative
charge on the carbon atoms underneath. The intercalated Li"
ions have a higher positive charge than the Li" ions deposited
on the surface. Similar to the unlithiated graphite, full surface
coverage on lithiated graphite also shows reduction in the
oxidation state of surface lithium close to that of metallic plated
Li. Fig. 2(a) shows that the oxidation state of lithium during
cluster growth on unlithiated graphite is more similar to
metallic Li and decreases with the distance of the Li atom from

0.7 (a) Unlithiated graphite
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the surface. A similar trend is seen for the oxidation state of
clusters deposited on lithiated graphite, shown in Fig. 2(b). The
oxidation state shows that the intercalated lithium are Li" ions,
unlike Li clusters deposited on the surface.

3.2 Nucleation energy

The thermodynamic feasibility of nucleation at a particular
voltage (U) can be calculated from the nucleation energy, AQ(U)
in eqn (1). Li nucleation is energetically favorable if the nucle-
ation energy AQ(U) < 0, while it is thermodynamically unfa-
vorable if the nucleation energy AQ(U) > 0. In Fig. 3, we show the
nucleation energy at different applied voltages (U = —0.1, 0.0,
0.1 V) on the graphite electrode with respect to the Li reference
electrode calculated using the grand canonical ensemble DFT
method.* The abscissa shows the amount of Li deposited (x) in
Li,Cs. As the applied voltage (U) is reduced, the nucleation
energy becomes lower, and the thermodynamic favorability of
Li nucleation on graphite increases. Comparing the two
different mechanisms, the nucleation energy for deposition of
Li" ions uniformly covering the surface is initially lower than for
the deposition of Li clusters, suggesting that surface coverage
will be more thermodynamically favorable and dominate at
lower amounts of deposited Li(x). However, at higher Li depo-
sition (x), the cluster growth has a lower nucleation energy than
surface coverage, suggesting the cluster growth mechanism to
take over.

3.3 Potential of zero nucleation energy (Upzn)

To quantify the exact voltage below which the nucleation
process becomes thermodynamically favorable, we calculate the

(b) Lithiated graphite
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Fig. 4 The potential of zero nucleation energy, Upzn(V) for surface coverage and cluster growth on (a) unlithiated graphite and (b) lithiated

graphite.
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potential of zero nucleation energy AQ(Upzy) = 0, shown in
Fig. 4. We see a cross-over in Upyy after a certain amount of Li
has been deposited (x.,). Below this cross-over point, or at x <
Xer, the mechanism of uniform surface coverage is thermody-
namically more favorable and occurs at higher voltages than the
mechanism of cluster growth. This suggests that the bare
graphite surface is more prone to be uniformly covered by
surface Li" ions before nucleation of Li clusters. When the
amount of deposited lithium goes above the cross-over point, or
at x > X, the mechanism of cluster growth takes over, sug-
gesting that only after certain amount of surface has been
uniformly covered by Li" ions, does the process of nucleation of
Li clusters become thermodynamically more favorable. At this
point the required potential, Upzn(x.,) has already fallen below
zero volts, which explains experimental observations of
dendrite growth only at negative voltages on graphite.® Although
the mechanism of cluster growth leading to dendrites takes over
only when U < Upyy(%.;), uniform surface coverage occurs even

(a) Uniform surface coverage
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at higher voltages U > Upyn(Xe:) and precedes growth of Li
clusters.

The cross-over voltage is found to be —12 mV on unlithiated
graphite and —29 mV on lithiated graphite. Above, the cross-
over voltage, the higher stability of uniformly adsorbed Li"
ions as compared to deposition of Li clusters may be attributed
to the energy required to bring Li ions together overcoming the
electrostatic repulsion. The fully covered surface has a Li above
every hexagonal ring of carbon. The Li" ions are reduced,
similar to clusters. So now the cohesive energy of a cluster
dominates over a flat surface. Therefore, below the cross-over
voltage, we can see the higher stability of clusters over the
completely covered surface. The overpotential required for
complete surface coverage on graphite electrode is found to be
—123 mV on unlithiated graphite and —138 mV on lithiated
graphite. The deposition of a complete Li surface on a Li
reference electrode would occur at zero volts; however, a suffi-
cient overpotential is required for complete surface coverage on

(b) Cluster growth
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Fig. 5 The amount of charge transfer via Li deposition, electrolyte double-layer charging and electronic current during Li deposition via two

mechanisms: (a) uniform surface coverage and (b) cluster growth.
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graphite due to the different hexagonal surface adsorption
lattice of graphite as compared to the surface of a Li electrode.

3.4 Charge transfer

During Li nucleation, the Li" ions (Qjon) are transferred inter-
nally via electrolyte to the graphite electrode and electrons are
transferred externally via the electrical circuit (Qcj). Some of the
Li" ions are deposited on the graphite surface (Qr;) and the
electrolyte surrounding the graphite electrode develops a net
charge (Qq)). These forms of charge transfer are quantitatively
shown in Fig. 5 with respect to Upzy for all the four cases
considered. We see that the total number of electrons passed in
the external circuit is equal to the charge transferred in the form
of Li deposition and the electrolyte double layer, Qjon, = Qi + Qa1
= —Qg1. Or in other words, Q;,n, + Q¢ = 0 at all potentials, in
accordance with the principle of charge conservation and global
electroneutrality. We see that the amount of charge transferred
due to uniform surface coverage increases gradually as the Upzx
is decreased. However, the charge transfer due to cluster growth
is small at larger potentials and increases abruptly in the form
of a spike close to Upzy dropping below zero volts. The slope of
these curves (dQ/dU) predicts the differential capacitance of
these processes.

3.5 Charge transferred vs. potential

The comparison of charge-potential curves for the two mecha-
nisms of Li nucleation is further shown in Fig. 6. Here, one can
clearly see the cross-over between the mechanisms of uniform
coverage of graphite surface by Li" ions and growth of Li clusters
on graphite with voltage. The curves predict that during an
experiment, as the potential on graphite is reduced, initially
a gradual current would be observed owing to the nucleation of
Li" ions in the form of uniform surface coverage. At potentials
close to the cross-over point, an abrupt spike is observed owing to
the large amount of electrons transferred to deposit Li clusters
on graphite. The process of deposition of Li* ions uniformly on
the graphite surface is reversible, which means that if the
potential is increased, the deposited Li" ions would dissolve back
into the electrolyte. After the cross-over point, the Li" ions reduce
to metallic Li clusters. If these clusters lose contact with the
electrode, it leads to an irreversible loss of capacity, and if these
clusters remain connected to the electrode, they have the
potential of growing into dendrites, posing a hazard to safety of
the battery. Therefore for the safe operation of Li-ion batteries,
the voltage on graphite anode should not be allowed to fall below
the cross-over point.

3.6 Charge density

The total charge density due to electrons, nuclei and electrolyte
is shown in Fig. 7 for both mechanisms of surface coverage and
cluster growth on (a) unlithiated and (b) lithiated graphite at U
= 0.0 V. On the electrode, the positive nuclei of carbon and
lithium can be seen as red dots, while negative electrons can be
seen in purple. The quantum electrode (consisting of nuclei and
electrons) is surrounded by the continuum solvent and elec-
trolyte. The net charge on the electrode is neutralized by the

30078 | J Mater. Chem. A, 2024, 12, 30073-3008]1
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Fig. 6 Charge—potential curves for Li deposition via surface coverage
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opposite charge on the electrolyte. The Pauli repulsion of the
continuum electrolyte is modelled by a steric potential, which
creates a sharp (green) boundary around the electrode, which is
devoid of electrolyte. x = 0.0 represents clean graphite surface
with no lithium deposition. At x = 0.0, the unlithiated graphite
has a charge of 1.3 e, while the lithiated graphite has a charge of
9.6 e. As a result, a much thinner tint of electrolyte layer can be
seen around the unlithiated graphite, while a much thicker
dense electrolyte layer can be seen around the lithiated graphite
to neutralize the large positive charge. In the process of Li
deposition, the charge on the unlithiated graphite during
uniform surface coverage is 4.3 e at x = 0.1 and 3.5 e at x = 3.0,
while during cluster growth itis 3.5 eatx=0.1and 17.9eatx =
3.0. The charge on the lithiated graphite during uniform surface
coverage is 11.3 e at x = 0.1 and 5.9 e at x = 3.0, while during
cluster growth it is 10.7 e at x = 0.1 and 30.1 e at x = 3.0. The net
charge on the electrode is positive, and is neutralized by
a buildup of a negative charge density on the electrolyte side.
Thus, the system behaves as an electrical double layer capacitor.
For the case of Li deposition on unlithiated graphite, the
majority of the electrolyte charge is above the surface adsorbed
by lithium because the positive lithium attracts more negative

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Total charge density due to the electrons, nuclei and electrolyte at different amounts of Li deposition (x) in a plane perpendicular to the
graphite surface at U = 0 V on (a) unlithiated graphite and (b) lithiated graphite.

electrolyte charge than carbon, except the fully covered surface
at x = 3.0, where Li are reduced to neutral metallic state and
have extra electrons. The fully covered surface at x = 3.0 does
not have a distinctly visible green region around Li unlike other
cases as it is filled by these extra electrons. For the case of Li
deposition on lithiated graphite the negatively charged elec-
trolyte layer also builds up on the unadsorbed side (below the
electrode) unlike for unlithiated graphite because of the
attraction of the electrolyte to intercalated Li* ions.

This journal is © The Royal Society of Chemistry 2024

4 Conclusions

We have studied mechanisms of Li deposition and charge
transfer on the surface of the graphite anode in Li-ion batteries
under potential control. Using ab initio calculations, we found
that the graphite surface is covered uniformly by adsorbed Li"
ions even at positive potentials (in the range studied) with
respect to the Li reference electrode. As the potential applied on
graphite is reduced, the surface coverage of adsorbed Li" ions
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increases gradually. At slightly negative potentials, after certain
surface coverage has been achieved, the process of Li plating
and cluster growth takes over. This critical potential is found to
be —12 mV on unlithiated graphite and —29 mV on lithiated
graphite. Below this critical potential, there will be a visible
growth of clusters on a graphite anode. The clusters can
potentially grow into dendrites, which can cause internal short-
circuit of the battery and pose a hazard for safety. Therefore for
safe operation of Li-ion batteries, the voltage on graphite anode
should be kept above this critical value. We encourage experi-
mentalists to reproduce our predictions of the competition
between uniform Li coverage and cluster growth. The explora-
tion of effects such as current density, temperature and
mechanical pressure on Li nucleation with multiscale model-
ling requires further research.
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