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Mechanism of Li Nucleation at Graphite Anodes and Mitigation
Strategies

Chao Peng,*22d Arihant Bhandari,> Jacek Dziedzic,“%¢ John R. Owen,d Chris-Kriton Skylaris¢ and
Denis Kramer*b.df

Lithium metal plating is a critical safety issue in Li-ion cells with graphite anodes, and contributes significantly to ageing,
drastically limiting the lifetime and inducing capacity loss. Nonetheless, the nucleation mechanism of metallic Li on graphite
anodes is still poorly understood. But in-depth understanding is needed to rationally design mitigation measures. In this
work, we conducted First-Principles studies to elucidate the Li nucleation mechanism on graphite surfaces. These large-scale
density-functional-theory (DFT) calculations indicate that nano-particulate Li forms much more readily than classical
nucleation theory predicts. Further, our calculations indicate a crucial role of topological surface states near the zigzag edge,
lowering the nucleation barrier by a further 1.32 eV relative to nucleation on the basal plane. Li nucleation, therefore, is
likely to initiate at or near the zigzag edges of graphitic particles. Finally, we suggest that chemical doping with a view to
reduce the effect of the topological surface states might be a potential mitigation strategy to increase nucleation barriers

and reduce the propensity to plate Li near the zigzag edge.

Introduction

Lithium-ion batteries (LIBs) have attracted considerable
attention in recent decades due to the significant progress in
industrial applications such as energy storage.l® However,
there are still some challenges that limit battery performance
and durability, such as battery degradation and safety.%1?2 One
of the highly problematic issues is the formation and growth of
metallic lithium on the graphite anode.!® The formation of
metallic lithium, also known as Li deposition or Li plating, is
detrimental to battery operation, leading to a low Coulombic
efficiency and serious safety issues due to the possibilities of
short-circuits and catastrophic failure.1314

The graphite anode is particularly vulnerable to lithium
deposition during charging, because of the very low margin
between the thermodynamic potential required for full charge
based on the LiCg stoichiometry at 0.065 V vs. Li*/Li and the
threshold for Li plating at 0.000 V. Therefore, the overpotentials
generated by the high current densities applied for fast charging
can often cause Li deposition.!! Charging at low temperature
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further increases the risk of Li plating, as the required
overpotential increases with the charge transfer resistance R,
(o< exp (—Ea/kT) according to the Arrhenius law).1s Li plating
thus becomes increasingly competitive with Li intercalation at
lower temperatures. Furthermore, slower diffusion of Li from
the grain edges to the bulk can lead to greater non-uniformities
of composition and overpotentials across the surfaces.1® Li
plating has been widely studied both experimentally and
through theoretical modelling.1917-1% Experimentally, the
applicability of graphite anodes, indeed, becomes lower with
decreasing temperature.1>2021 |n-depth understanding of Li
nucleation and growth is, therefore, important to suppress Li
deposition on graphite anodes.

Li nucleation has been studied in some depth on graphene
surfaces by Fan et al.,'8 and Liu et al.?2 using density-functional-
theory (DFT) simulations of atomic Li cluster formation. The
nucleation barrier was found to be highly dependent on the Li
concentration.?2 DFT studies showed that Li prefers spreading
out on the graphene sheet at low Li concentrations (i.e. Li/C
ratio=1/64) but starts to nucleate as Li concentration
increases.'® The lattice mismatch between Li clusters and the
carbon substrate was identified as a factor for pushing the
nucleation energy upwards and hinders uniform plating of Li.23
Although Li nucleation in the graphene system has been studied
in some depth, to the best of our knowledge, there are few
studies exploring the Li nucleation mechanism in the graphite
system at the atomistic level, especially considering the edge
effect of graphite that has a strong impact on Li intercalation
kinetics.16:24

In the present work, we extend the consideration to multi-
layered graphite, with the important addition of a variable
lithium concentration in a (partially) intercalated layer between
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two graphene sheets, as a first effort to model the vastly more
important case of lithium plating on graphite. Also, we perform
a First-Principles study to investigate the nucleation of Li
clusters with consideration of the graphite edge effect with the
aim of identifying likely Li nucleation sites at graphite anodes
and to propose rational strategies to suppress specific modes of
Li plating.

Computational Details

Theoretical Method. Spin-polarized DFT calculations were
performed by using the Vienna Ab-Initio Simulation Package
(VASP).2>26 The Perdew-Burke-Ernzerhof (PBE) functional
within the Generalized Gradient Approximation (GGA) was
chosen for the treatment of exchange-correlation.?6-28 The core
electrons were described by the projector-augmented wave
(PAW) method.?®30 The valence electronic states were
expanded in plane-wave basis sets with a cutoff energy of 450
eV. The force convergence criterion was set to 0.03 eV/A. The
DFT-D3 method with Becke-Johnson (BJ) damping was applied
to account for dispersion interactions.3%32 Born-Oppenheimer
ab-initio molecular dynamics (AIMD) was conducted to sample
low energy configurations for different sized Li clusters with a
time step of 0.5 fs and a total sampling time of 6 ps. Three low-
energy configurations were picked from the AIMD simulation
for each cluster size after an initial equilibration period.
Geometry optimization was performed for those three
configurations, and the lowest energy configuration was
selected as a representative shape model for nucleation energy
calculations.

Structural Model. A p(8x8) two graphene-layer graphite
basal plane (a=b=19.73A, ¢=25.03A; a=8=90°, y=120°) was
constructed by cutting the (001) plane of the unit cell of AB
stacked graphite (a=b=2.47A, c=6.71A; a=6=90°, y=120°) as
shown in Figure S1 of the Supporting Information. The
convergence test for system size and number of layers of
graphite is shown in Figure S2. A p(8x2) hydrogen-terminated
zigzag-edged graphite (0=23.41A, b=22.19A, ¢=57.72A;
a=6=y=90°) was constructed to simulate Li nucleation near the
edge. For the zigzag-edged LiCe, a p(3x4) (a= 24.43A, b=22.42A,
c=57.40A; a=8=y=90°) supercell was constructed. A 15A vacuum
padding was added in all configurations to minimize
interactions between periodic slabs. During geometry
optimization, all atoms were relaxed with the unit cell
dimensions being fixed. We used a k-mesh of (3x3x1) to
optimize the structure of the graphite basal plane and a k-mesh
of (2x2x1) for the geometry optimization of zigzag-edged
graphite.

Li nucleation energy. The nucleation energy (AG,ygeation) Of
Li is defined as:?223

AG,teation = (LE,) —npu(Li) (1)

u(Li,) refers to the chemical potential of Li cluster (Li,)

deposition on the graphite (n referring to the number of Li) that
is as follows:

w(Li,)) = G(Li,| C)~G(C) (2)

2| J. Name., 2012, 00, 1-3

while p(Li) is taken to be the chemical potential,required, to
deposit a single Li atom on the graphite: DOI: 10.1039/D1TA03447B

u(Li)=G(Li| C)-G(C) (3)
Because all the configurations are solids, the free energy can be
approximated by the total energy.?® Therefore, the nucleation
energy and the chemical potentials (u(Li,) and u(Li)) can be
rephrased as:33

E pcteaion = H(L,) = nu(Li) (4)
wu(Li))=E(Li,|C)-E(C) (5)
u(Li)=E(Li|C)-E(C) (6)

where E(Li,|C), E(C) and E(Li| C) represent the total energy of a
Li cluster deposited on graphite, the energy of the pristine
graphite and the energy of a single Li adsorbed on the basal
plane, respectively.

Results and discussion

We first address Li nucleation on the basal plane of graphite.
The AIMD results indicate that Li prefers nucleation as a cluster
instead of forming a thin film on the basal plane. The first Li
atom (n=1) adsorbs on the hollow site of the carbon hexagon
with an average C-Li bond length of 2.24 A and forms the
nucleus (see Figure S1). When the second Li approaches the
basal plane (n=2), it adsorbs at the nearest neighboring site to
the first adsorbed Li, producing a Li, dimer configuration as
shown in Figure 1. The Li-Li distance is 2.86 A, shorter than the
Li-Li distance (3.03 A) in bulk Li metal. The shorter Li-Li distance
mainly results from the lattice mismatch between the carbon
hexagons and the Li metal lattice. For n=3, the AIMD simulations
show that Li nucleates in a triangle shape with two Li atoms
binding with the surface carbons below. The third Li atom is
sitting on top of the other two Li atoms and not adhering to the
surface carbons. The formed triangle plane is approximately
perpendicular to the basal plane rather than parallel to the
surface. The bond lengths between the top Li atom and those
two surface Li atoms are 2.94 and 2.91 A respectively, which is
longer than the bond length between the two surface Li atoms
(2.85 A) and closer to the Li-Li bond length (3.03 A) in Li metal.
Thus, it is the lattice mismatch with the carbon substrate and
the weak C-Li interaction that drives up the Li triangle plane.
With n rising to five, the Li cluster forms in a pentahedron shape
stacked with two Li layers. The bottom layer consists of four Li
atoms, arranged in the vertices of a parallelogram. The upper
layer is only composed of one Li atom sitting on top of the
center of the parallelogram. With n increasing from 8 to 65, the
shape of the cluster becomes irregular. There are no visible
perfect crystal facets exposed on the Li clusters.

The nucleation energies (Enyceation) Of different Li clusters
were also examined. Figure 2a shows the E,ygeation Of various
sized Li clusters on the basal plane (orange line). With Li cluster
growth, E,ugeation Shows first an increasing and afterwards a
decreasing trend. As shown in eq. (4), we take the chemical
potential of an adsorbed Li atom on the basal plane (u;) as the
reference for calculating the nucleation energy (-0.33 V vs.
Li*/Li). Thus, the Enyceation at n=1 is 0 eV. Bader charge analysis
shows the charge of the Li adatom to be +1 |e| (see Figure 2b).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 The optimized structures of various Li clusters deposited on the
basal plane of the graphite anode. The number of Li (n) in different clusters
ranges from 1 to 65. The grey and purple spheres denote carbon and Li

atoms. The grey line indicates the graphene layer below.

The Liatom is thus a full electron donor that donates its electron
to the graphene sheet. Hence, an ionic bond is generated for Li-
C. With n=2, Eycjeation rises rapidly to 0.64 eV with the formation
of the Li, dimer. The charges for both Li atoms are +1 |e| each.
The less favorable geometry resulting from the lattice mismatch
and strong charge repulsion between the two Li ions are likely
the reason for the markedly higher E.yceation @t N=2. Epucleation
increases dramatically with Li cluster size growth, reaching a
critical point at n=12. The nucleation barrier is, thus, 1.32 eV on
the basal plane of graphite. Afterwards, E,uceation decreases
gradually and becomes negative with n larger than 36. Figure 2a
indicates that the growth of small Li clusters (n < 48) is
thermodynamically unfavourable due to the positive nucleation
energies determined by the high surface energy of Li clusters
even if the Li chemical potential is large enough for atomic
adsorption of Li on the basal plane. Naturally, the nucleation
energy becomes favourable for larger cluster where the bulk

als'Chemistry)A
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energy becomes the driving force. Therefore, the small cluster
growth on the basal plane is the rate-limitiRg 52ég39/D1TA034478

We also investigated Li nucleation near the zigzag edge at
which a topological surface state at the edge carbons was
previously shown to strongly stabilize Li adsorption near the
edge.1®24 Because AIMD simulations are prohibitively expensive
for large systems, we collected the most stable Li configuration
of each Li cluster on the basal plane sampled from the AIMD
simulations and transferred them to the zigzag-edged systems
to construct Li clusters deposited near the zigzag edge, followed
by geometry optimization. The geometries of the composite
systems are shown in Figure S3. The first adsorbed Li (n=1) sits
at the center of the carbon hexagon of the edge site. When n
increases to two, Li also forms a Li, dimer configuration, similar
to the basal plane. But the Li-Li distance in the Li, dimer
elongates to 3.21 A which is 0.35 A longer than that on the basal
plane. The Li; cluster shows a different nucleation symmetry to
that on the basal plane. The three Li atoms still nucleate as a
triangle, but all of them adhere to the surface with two Li atoms
binding at the edge sites and the third Li atom adsorbing at the
subsurface site. The different nucleation behavior of Liz clusters
is likely due to the strong interaction between the surface
carbons and Li atoms induced by the topological surface state
favoring Li nucleation on the surface. With n increasing to five,
the Li cluster forms in a pentahedron shape with one Li sitting
on top of the parallelogram below, consisting of four Li atoms
at each vertex. The facets of Li clusters are not specifically
recognizable with n larger than eight because clusters are still
too small to generate well-defined crystal facets, but it is clear
that the clusters accumulate in multiple layers rather than film
on the graphite surface.

In contrast to the nucleation energy on the basal plane of
graphite, Li nucleation near the zigzag edge becomes much
more favorable as shown in Figure 2a (red curve). From the first
Li adsorption at the edge site to a considerable size of Li cluster,
the nucleation energies are negative, indicating that it is a
barrier-free process of Li nucleation near the zigzag edge as
soon as single atom adsorption becomes thermodynamically
favorable. Figure 2b shows the average charge of Li at both the
basal plane and the zigzag edge. For the first Li and Li, dimer
systems, all the Li atoms have a +1 |e| charge due to the ionic
bonding between Li and graphite.
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Figure 2 The nucleation energies and charges of Li in different systems. (a) the nucleation energy as a function of number of Li in different systems. (b) the
average Bader charge of Li in different sized Li clusters. (c) Wulff shape of metallic Li with distributions of (100), (110) and (111) surfaces.
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However, with the continuous growth of Li clusters (n > 2), the
zigzag-edged system shows a higher average charge of Li than
the basal plane system. For example, the Lis cluster system
presents an average charge of Li of +0.72 | e|, while on the basal
plane it is +0.50 |e|. The trend of a higher positive charge on
the Li clusters at the zigzag edge compared to the basal plane
prevails even for n up to 65. This indicates that the Li clusters
near the zigzag edge donate more electrons to the graphite
substrate. As a consequence, Li clusters have stronger chemical
interactions with the zigzag edge, which lowers the nucleation
energies. Therefore, Li nucleation is more likely to occur at the
zigzag edge and suppressing Li nucleation at that edge is worthy
of attention.

When Li clusters grow and approach macroscopic
dimensions, the crystal facets become well-defined, and the
energy of Li cluster growth can be accurately described by
classical nucleation theory (CNT). In that limit, the nucleation
energy consists of the Li bulk energy (Epui), the surface energy
of the Li cluster (Esurface) and the interface energy (Einterface)
between the attached Li cluster and the graphite substrate.
Thus, the nucleation energy can be expressed as:
=E . +E

bulk surface 7)
In eq. (7), Epuk €quals the energy difference of the bulk Li and
the reference state (i.e. a single Li adsorbed on the basal plane;
see the details in the Supporting Information) for consistency.
The surface energy (Esurface) is taken as the sum of contributions

from each facet:

nucleation interface

Emrface = zyiAi (8)
1

where }; is the surface tension of the exposed surface of Li
metal. Three main surfaces of Li metal are considered, namely
(100), (110) and (111). The surface tensions were calculated to
be 0.041, 0.044 and 0.047 eV/A?, respectively. A7 is the area of
each surface that can be obtained from a Wulff construction
(see Figure 2c). For the interface energy (Einterface), W€ assume
the most stable (100) surface as the adhesive surface of Li
cluster on the basal plane of graphite.??2 The interface energy
was calculated by constructing the Li(100)@graphite(001)
composite system (see Figure S4). Einterface is 0.024 eV/A2 from
our DFT calculation.

The nucleation energy as given by CNT is represented bythe
grey curve in Figure 2a. CNT substantially! o\elfEstiriate s+t
nucleation energy compared to finite-size Li clusters (n < 65).
The nucleation barrier from CNT is 4.31 eV at n=28, which is
much higher than the 1.32 eV obtained for the basal plane
system from DFT calculations of actual nanoparticles. Notably,
all the three curves show negative nucleation energies when Li
clusters grow into larger particles. This is a direct consequence
of our choice for y,;. Single Li atom adsorption at the basal plane
defines a chemical potential of 0.33 eV above metallic Li and a
voltage of -0.33 V vs. Li*/Li. Therefore, there is always a negative
thermodynamic driving force once a cluster contains a sufficient
number of bulk-like Li atoms.

During battery charging, the Li concentration within the
graphite anode increases, which also has an impact on Li
nucleation energies. Therefore, we studied fully lithiated
graphite as well, particularly, the zigzag-edged LiCs graphite
intercalation compound (GIC). In Figure 2a the dark-blue dashed
line shows Li nucleation energies as a function of n(Li) in LiCe.
The nucleation barrier rises to 0.71 eV with critical n at eight
(see structures in Figure S5). Clearly, the nucleation barrier
increases with rising Li concentration. This is attributed to the
filled surface state at the zigzag edge reducing interactions of
edge carbons with Li clusters at the surface, thereby raising the
nucleation energy on LiCg. Notably, this 0.71 eV barrier is still
much lower than that on the basal plane of Li-free graphite
(1.32 eV). This highlights the crucial role of the zigzag edge for
initial Li nucleation at graphite anode and also at the end of
charging (LiCe). Different oxidized terminations co-exist at the
edge of graphite anodes, because of the chemical reactions
between the electrolyte and graphite surfaces.3*3% Thus, we
considered the effect of other possible terminations on Li
nucleation. The oxygen groups were reported to be critical to
the formation of the solid electrolyte interphase (SEl) layer.3¢
Thus, OH-termination was investigated and compared with H-
termination (see the structure in Figure S6).2437 The light-blue
dashed curve in Figure 2a presents the nucleation energy at OH-
terminated zigzag edges. The nucleation barrier is 0.86 eV,
which is also lower than that of the basal plane case due to the
prevalence of topological surface states in OH-terminated
zigzag-edged graphite, as explained in our recent work.'® The
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Figure 3 Nucleation energies at different potentials. (a) shows Li nucleation energy as a function of the number of Li in the Li cluster at different overpotentials
of Li deposition on the basal plane, and (b) illustrates those near the zigzag edge. (c) is the relation between the overpotential and the nucleation barrier. The
dashed line indicates a typical intercalation barrier that Li needs to overcome for its diffusion from the zigzag edge to the bulk graphite.
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nucleation trend is, therefore, similar to the H-terminated
zigzag edge system with a slight increase in nucleation energy.

On the basis of those findings, it appears much more
feasible to initiate Li plating near the zigzag edge than on the
basal plane. The zigzag edge is, therefore, more detrimental to
the safety of LIBs because it might facilitate Li plating and
dendrite formation and associated degradation and capacity
loss. Suppressing Li nucleation at the zigzag edge is, therefore,
highly desirable, and for this purpose here we investigated
chemical doping at the zigzag edge. A recent experimental study
showed that Li nucleation can be effectively suppressed via a
facile interfacial modification of the graphite electrode.3®
Nitrogen (N) doping at the zigzag edge was considered (cf.
Figure S6). Figure 2a shows the nucleation energy of the N-
doped zigzag edge system (dashed pink line). The nucleation
barrier increases by 0.41 eV relative to the pristine zigzag edge.
Introducing N dopant fills the surface state at edge carbons,
which reduces Li-C interactions, thereby raising the Li
nucleation energy. Chemical doping, thus, could be a promising
approach to inhibit Li nucleation. Naturally, the overpotential
during charging plays a critical role as well. Figure 3a and b show
the changes of the nucleation curve as a function of applied
potential vs. Li*/Li. On the basal plane, the nucleation barrier is
2.99 eV at -0.26 V vs. Li*/Li. However, the barrier is lowered
significantly to only 1.07 eV when the potential is reduced to -
0.36 V vs. Li*/Li (cf. Figure 3a). Applying an excess overpotential
at the electrode does not only increase the thermodynamic
driving force for Li plating, it also considerably reduces the
nucleation barrier. Therefore, large overpotentials applied at
the electrode for purposes like fast charging seriously increase
the risk of Li plating by exponentially increasing the nucleation
rate. At the zigzag edge, an analogous nucleation trend at
different potentials is identified (cf. Figure 3b). The nucleation
barrier is as high as 1.22 eV when the potential is -0.26 V vs.
Li*/Li. If an extra 0.07 V overpotential is applied to the graphite
electrode, the nucleation barrier dramatically reduces to 0 eV (-
0.33 V vs. Li*/Li). This indicates that Li can spontaneously
nucleate near the zigzag edge at that potential. Furthermore, a
good correlation complying with qualitative expectations from
CNT is found between the nucleation barrier and the potential
for both the basal plane system and the zigzag system (cf. Figure
3c). CNT predicts a nucleation barrier E, proportional to 1/u?2.
Due to that relation, the nucleation rate (r,yceation) €quation can
be written as:

E, 1
Futaon % OXP| =774 | = Arexp| ——— (©)
5 kyT 1%+ Fy)
where kg and T are the Boltzmann constant and the

°

temperature; n is the overpotential; u° is the equilibrium
chemical potential of Li ions; A is a pre-factor. The nucleation
rate, therefore, is expected to grow exponentially with respect
to the square of the applied overpotential applied at graphite
anodes, although the pre-factor A in general might also show a
dependence on overpotential depending on the nature of
processes reflected by A. Therefore, carefully controlling the
overpotential is crucial to mitigate Li nucleation at graphite
anodes. It also follows from the eq. (9) that

This journal is © The Royal Society of Chemistry 20xx
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rnucleation(zigzag)/rnucleation(basal plane) is Iarger thﬁ& /;]rpczlg dmm@
wide range of potentials (-0.26 ~ -0.36 Vs!048GPatASE0 1@
Hence, suppressing Li nucleation near the zigzag edge is much
more important. The dashed line in Figure 3c indicates a typical
activation barrier that Li has to overcome during intercalation
(0.66 eV) into the bulk from the zigzag edge.'® Li nucleation is
competitive with Li intercalation when the potential is -0.29 eV
vs. Li*/Li and might become more favorable than the Li
intercalation process at higher overpotential. It should,
however, be noted that this work does not explicitly consider
the electrolyte and charged nature of the graphite/electrolyte
interface. We expect these to have a significant influence, but
we also expect the relative trends between the basal plane and
zigzag edge to remain valid. Regardless, the relation between
nucleation barriers and potential is useful for experiments and
control engineers to rationally tune Li nucleation kinetics to
mitigate Li plating. Finally, our recent advances on
implementing solvent and electrolyte models into the linear-
scaling DFT code ONETEP will soon enable a comprehensive
study to consider the effects of electrolyte and interface
charging on Li nucleation behavior.39:40

Conclusions

We conducted First-Principles calculations to investigate the Li
nucleation mechanism on graphite. On the basis of AIMD
sampling of Li depositing on graphite, we found that the
graphite edge has a substantial impact on the Li nucleation
behavior. The detailed findings are:

(1) The zigzag edge is crucial for the finite-size Li nucleation
due to the “beneficial” role of the topological surface
states. These lower the Li nucleation barrier by more than
1 eV compared to the basal plane;

(2) Classical nucleation theory parametrized by surface
energies and a Wulff construction indicates a barrier of Li
nucleation on the basal plane of 4.32 eV and
overestimates the actual nucleation barrier for the initial
Li nucleation process. The much lower barrier of the finite-
size metallic Li cluster formation implies that inhibiting
small Li cluster formation is of importance in order to
prevent undesirable Li plating;

(3) The nucleation barrier increases at higher degree of
lithiation, but the zigzag edge is still much more favorable
for Li nucleation than the basal plane;

(4) Chemical doping of nitrogen can drive the nucleation
barrier upward and could be a possible way to suppress Li
nucleation;

(5) Nucleation rate depends exponentially on the square of
the applied potential. Therefore, careful potential control
of the graphite anode is not only important to keep the
thermodynamic driving force for Li plating low, it also
allows to keep the nucleation rate low. Indeed, one could
argue that the potential where the nucleation barrier
becomes zero or at least lower than the activation energy
for intercalation defines an important limit for charging
batteries safely.
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