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Application of Li-ion batteries in electric vehicles requires improved safety, increased lifetime and high

charging rates. One of the most commonly used intercalation anode material for Li-ion batteries,

graphite, is vulnerable to Li nucleation, a side reaction which competes with the intercalation process

and leads to loss of reversible capacity of the battery, ageing and short-circuits. In this study, we deploy

a combined grand canonical large-scale electronic density-functional theory (DFT) and Poisson–

Boltzmann electrolyte theory to study the nucleation and growth of Li clusters on the graphite anode in

the presence of its surrounding electrolyte environment at different applied voltages with respect to the

Li metal reference electrode. We find the voltage below which the nucleation energy becomes negative

(corresponding to Li nucleation becoming energetically favourable), the ‘potential of zero nucleation

energy’ (UPZN). We observe a distinct minimum in the plots of UPZN as a function of the size of nucleated

clusters. When the applied voltage on the graphite electrode is below the minimum value of UPZN, the

nucleated clusters start growing unbounded on graphite electrode. This potential for cluster growth

(UPCG) is found to be �0.12 V on the periodic basal plane of unlithiated graphite and �0.08 V on lithiated

graphite. The corresponding potential for the zigzag edge termination is �0.06 V on unlithiated graphite

and �0.04 V on lithiated graphite. Thus, the nucleation and cluster growth is favored on the zigzag edge

termination of the graphite electrode as compared to the periodic basal plane and on the lithiated

graphite as compared to the unlithiated graphite. We find that the surrounding environment plays

a significant role and that nucleation is more likely to occur in electrolyte environment than that

predicted from calculations in vacuum. We observe that the potentials obtained with grand canonical

ensemble DFT method in electrolyte are close to experimentally available data. The study has profound

implications for the nucleation, growth and control of metal dendrites in a battery cell.
1 Introduction

Li-ion batteries have revolutionized the portable electronics
industry and are being intensively pursued for application in
the electrication of the transport sector.1–3 Key requirements of
Li-ion batteries for successful implementation in electric vehi-
cles are fast charging, long lifetime and high safety. Graphite-
based carbonaceous materials are one of the most widely used
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intercalation anode materials for Li-ion batteries since their
inception.4 Thermodynamic and kinetic aspects of intercalation
have been computationally studied for periodic graphite,5 edge-
terminated graphite,6 and disordered carbon.7 The surface of
graphite is susceptible to Li nucleation, a competing side-
reaction which leads to a loss of reversible capacity. Moreover,
Li nucleation followed by growth of dendrites can lead to
a short-circuiting of the battery and is, hence, a critical safety
challenge with Li-ion batteries.8 Li nucleation and dendrite
growth also occurs on Li metal anodes.9,10

In order to improve the performance of Li-ion batteries and
gain more insight into this phenomenon, the process of Li
nucleation has been extensively studied both experimentally
and computationally in the recent years.11–13 Li nucleation is
thermodynamically possible when the graphite electrode is at
a lower potential (voltage) with respect to the Li/Li+ reference
electrode.14 The voltage required for Li intercalation during
a full charge of the graphite electrode corresponding to the
phase transition from stage 2 to stage 1 graphite is around
0.065–0.085 V.15 When the overpotential for the Li intercalation
This journal is © The Royal Society of Chemistry 2022
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is large enough, the voltage of the graphite electrode will drop
below 0.0 V with respect to Li/Li+, and Li nucleation becomes
thermodynamically possible.16 Large overpotential for Li inter-
calation can easily occur at high current density during fast
charging or at low temperature due to the Arrhenius depen-
dence of the charge transfer resistance.12 Detailed in situ
experiments were performed by Gao et al. demonstrating the
competition between Li intercalation and Li nucleation on
graphite.13 Their observations were mostly limited to the
kinetics of the two processes, with the observation of the
intercalation of Li into the graphite until the graphite is fully
lithiated, followed by nucleation of Li clusters at the graphite
edges leading to dendrite formation and growth.

With the development of advanced atomistic methods, it is
possible to gain more insight into the thermodynamics of the Li
nucleation process.17 Fan et al. studied the adsorption of small
Li clusters on graphene using canonical density functional
theory calculations in vacuum (cDFTv) and found higher
binding energy of Li clusters on graphite surface than on the
(001) surface of Li metal, suggesting a possible cause for the
initiation of Li nucleation.18 Liu et al. further studied the
formation of Li clusters on graphene using cDFTv and found
that the nucleation barrier is largely dependent on Li concen-
tration ranging from over 3.2 eV at dilute concentrations to
below 0.3 eV at high Li concentrations.19 Cui et al. also
employed cDFTv to study the nucleation of small Li clusters
with 2–6 Li atoms on graphene and found that the nucleation
energy is positive and increases with the size of nucleated
clusters, predominantly due to the lattice incompatibilities
between the hexagonally-arranged carbon and the bcc structure
of metallic Li.20 They further found a respective decrease in the
nucleation energy on amorphous C, N-doped C, carboxylated C,
hydroxylated C and epoxied C, showing favorable nucleation.
Chen et al. also studied Li binding on heteroatom-doped carbon
using cDFTv and found that O-doped and O/B-co-doped carbons
exhibit high lithiophilicity.21 We note here that all these afore-
mentioned studies of Li nucleation using cDFTv are on the
basal plane of single layer graphene, without considering the
effect of a nite edge termination of the basal plane. Several
studies on Li intercalation have shown a large effect of the
presence of a nite edge termination of the graphite basal
plane.6,22 Therefore, it is also important to study Li nucleation at
nitely terminated graphite edges.

In our previous work we used cDFTv to study the nucleation
of larger clusters with 1–65 Li atoms on multi-layered graphite
for the rst time, while also considering the effect of the pres-
ence of a nite edge termination of graphite basal plane.23 We
found that the nucleation energy barrier near the zigzag edge
termination of the graphite is reduced by more than 1 eV rela-
tive to that on the periodic basal plane. We also found that
chemical doping with nitrogen can increase the nucleation
energy barrier and suppress Li nucleation. Most importantly, we
observed a signicant effect of the voltage on the nucleation
process, with a decrease in the nucleation energy and energy
barrier on lowering the potential. While these conclusions have
signicant impact on the understanding of Li nucleation, there
are inherent limitations in state-of-the-art cDFTv methods.
This journal is © The Royal Society of Chemistry 2022
cDFTv calculations are performed in ultra high vacuum
conditions under a charge control regime, where the charge on
the entire structural model is xed to zero. This regime is
schematically shown in Fig. 1a. Here the calculations are per-
formed for an isolated neutral Li slab and an isolated neutral
LinjG system, where an n-atom Li cluster has been nucleated on
graphite (G). The two systems are completely independent and
do not interact electrically via a ‘wire’ that would allow transfer
of electrons under the constraint on their electrochemical
potentials. To overcome these limitations and to simulate
electrochemical systems under experimental conditions, we
have developed a model for grand canonical DFT calculations.24

Here, electrons can ow via an electrical connection between
the working electrode and the reference electrode under
potential control. The electrochemical potential of electrons at
the working electrode (~me�) can be set at a certain voltage (U)
with respect to that at a reference electrode: ~me�(U) ¼ ~mrefe� (U ¼
0) � e $ U. Our model parameters have been calibrated
according to the reduction potential of the Li metal electrode.24

As the number of electrons varies in response to the electro-
chemical potential, the electrode can have a net charge. The
grand canonical calculations can be performed in vacuum
(gcDFTv), as shown in Fig. 1b or in an implicit solvent-
electrolyte environment (gcDFTe), shown in Fig. 1(c). In
vacuum, the net charge on the electrode is neutralized by
a uniform opposite background charge (‘jellium’). In a solvent
environment, the charged electrode system is neutralized by
a Poisson–Boltzmann electrolyte. The presence of a net charge
on the electrode system leads to a shi in the electrolyte
concentrations near the electrode surface, such that there is
more of the oppositely charged ‘counter-ions’ than the ‘co-ions’
leading to the formation of double layers. The concentrations of
the electrolyte ions reach their asymptotic bulk values far away
from the surface. This experimentally observed phenomenon is
implemented within the neutralization by electrolyte concen-
tration shi (NECS) method.25 This method overcomes the
limitations of the prevalent ‘jellium’ based approaches which
introduce articial opposite uniform background charge to
neutralize the electrode charge.25 Our method works via the
solution of a modied Poisson–Boltzmann equation using
a highly-parallel, multigrid library DL_MG.26,27 The entire elec-
trolyte model has been implemented in the order-N electronic
total energy program (ONETEP), which allows large-scale DFT
computations with the computational cost scaling linearly with
the number of atoms (N).28 The model has been previously
tested to accurately predict activity coefficients of LiPF6 in
ethylene carbonate (EC),29 and the differential capacitance of
graphite electrodes.24

In this paper we extend our previous work with cDFTv,23 to
apply our newly developed grand canonical model to study Li
nucleation on graphite electrodes in realistic electrochemical
conditions, in order to answer the following questions: (1) What
voltage marks the onset of Li nucleation? (2) What is the critical
voltage below which the nucleated Li clusters start growing
spontaneously? (3) How does the presence of environment
affect the nucleation energetics? (4) Where on graphite do the Li
clusters prefer to nucleate? (5) What is the effect of the degree of
J. Mater. Chem. A, 2022, 10, 11426–11436 | 11427
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Fig. 1 Schematic of a Li nucleation process in different regimes: (a)
zero charge regime using canonical DFT calculations in vacuum
(cDFTv). The total charge on each of the electrodes is constrained to
be zero, while there is no constraint on the electrochemical potentials
of electrons at the two electrodes. (b) Potential control regime using
grand canonical DFT calculations in vacuum (gcDFTv). The net charge
on the electrode is neutralized by a uniform opposite background
charge (‘jellium’). (c) Potential control regime using grand canonical
DFT calculations in electrolyte (gcDFTe). In a solvent environment, the
charged electrode system is neutralized by a Poisson–Boltzmann
electrolyte. In grand canonical methods (b and c), the applied potential
(U) controls the electrochemical potential of electrons (~me�) at the
graphite electrode (G) with respect to that at the Li reference electrode
(~mref)e�.
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lithiation of graphite on the nucleation process? We now
present our theory (Sec. 2), computational details (Sec. 3),
results and discussion (Sec. 4), followed by conclusions (Sec. 5).
2 Theory

The Li nucleation reaction on graphite can be written as:
Reference electrode: nLi / nLi+(sol.) + ne�

Working electrode: nLi+(sol.) + ne� + G / LinjG

Overall reaction: nLi + G / LinjG

The Li+ ions move through the solution, while the electrons
(e�) travel through the outer electrical circuit. G represents
the graphite and LinjG represents an n-atom Li cluster
nucleated on a graphite working electrode. The nucleation
energy is the change in free energy due the reaction (DU). For
an electrochemical cell, the ionic path is usually
11428 | J. Mater. Chem. A, 2022, 10, 11426–11436
thermodynamically reversible but the electronic path may be
interrupted by a potentiometer, in which case the potential
difference (U) on the potentiometer gives an experimental
value for the nucleation energy (DU¼�n $ e $ U, where e is the
elementary charge). Conversely, in a potential controlled
experiment, the voltage U is applied which results in the
nucleation of a Li cluster assuming thermodynamic equilib-
rium. Similarly, in the present study we could expect the
nucleation energy (DU(U)) to indicate whether a cluster of
a given size n will form at a voltage (U). The nucleation energy
(DU(U)) is calculated as:

DU(U) ¼ ULinjG(U) � UG(U) � n$~mrefLi (U ¼ 0), (1)

whereU is the grand free energy calculated in a grand canonical
ensemble of electrons and electrolyte ions.24 U is the voltage of
the graphite electrode with respect to the Li reference (ref)
electrode which is at U ¼ 0 V. ~mrefLi is the electrochemical
potential of Li at the reference electrode, which is calculated
from the change in the grand free energy (Uref

Li ) of the Li refer-
ence electrode slab with respect to the number of Li atoms in
the slab (nrefLi ):

~mref
Li ðU ¼ 0Þ ¼ DUref

Li ðU ¼ 0Þ
DnrefLi

(2)
3 Computational details

We perform simulations for Li nucleation using the ONETEP

linear-scaling density functional theory (DFT) program,28,30

where the computational cost scales linearly with the number of
atoms as opposed to the cubic scaling of conventional DFT. The
simulations under potential control are performed using the
grand canonical model for electrochemistry simulations,24

utilizing the neutralization by electrolyte concentration shi
(NECS) method for a modied Poisson–Boltzmann equation (P–
BE).25,29 The P–BE is solved using a bespoke, highly parallel,
multigrid solver DL_MG.26,27

The kinetic energy cutoff for the basis set, which consists of
psinc functions and is equivalent to plane waves, is 1000.0 eV.31

The radius of the localized orbitals called as the non-orthogonal
generalized Wannier functions (NGWFs) is set to 8.0 a0 for all
calculations.32 The convergence threshold for the electronic
energy is 10�6 eV and that for the NGWF rms gradient is 5 �
10�7 a.u. The convergence threshold on the number of electrons
in the grand canonical ensemble is 10�6 electrons per atom. For
van der Waals interactions, a D2 dispersion correction has been
used.33 In the grand canonical calculations the electrochemical
potential of electrons in the Li reference electrode is set to
�1.39 eV (cf. Table 1 of ref. 24) corresponding to the experi-
mental value, while we set the applied voltage of the graphite
electrode at U ¼ �0.1, 0.0, 0.1 V with respect to the Li metal
reference electrode. The structural geometries for Li clusters
with 1–65 atoms and graphite electrodes have been obtained
from AIMD simulations in our previous work using cDFTv as
shown in Fig. 1, S3 and S5 of ref. 23. The chemical formula of
This journal is © The Royal Society of Chemistry 2022
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Table 1 Chemical formula and simulation cell size of various structural models

Graphite model (G)
Chemical formula
(LinjG, 1 # n # 65) X (Å) Y (Å) Z (Å)

Unlithiated basal plane LinjC512 34.17 19.73 100.03
Lithiated basal plane LinjLi100C900 37.38 21.58 100.00
Unlithiated zigzag edge LinjC648H36 53.41 22.19 67.73
Lithiated zigzag edge LinjLi102C972H54 57.38 22.42 67.77

Table 2 The computed chemical potential of Li metal at the reference
electrode (~mrefLi ) using eqn (2)

Environment Vacuum, jellium EC, 1 M LiPF6

ref
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structural models and size of simulation cell are summarized in
Table 1.

The size of the graphite model is much larger than the
number of atoms (n) in the Li cluster, so that the interaction
between periodic images is negligible. The equilibrium distance
of Li clusters from the graphite electrode is further optimized in
electrolyte environment for each applied voltage by minimizing
the grand free energy of the system as a function of the distance
of the Li cluster from the graphite surface.

The surrounding environment is described by an implicit
1.0 M LiPF6 electrolyte in ethylene carbonate solvent (EC). The
dielectric permittivity of the EC solvent is described using the
so-sphere model,34 and varies smoothly from 1.0 near the
electrode to that of the bulk solvent which is set to 90.7 as per
the experimental value at 298.15 K.35 For an even closer
approximation of the environment in Li-ion batteries, one can
consider using the dielectric constant of a mixture of solvents.36

The so-sphere radius for the transition of the dielectric
permittivity is calibrated from the reduction potential of stan-
dard reference electrodes (cf. Tables 2 and 3 of ref. 24). Corre-
spondingly, so-sphere radii of 3.048 a0 for Li, 3.907 a0 for C
and 2.644 a0 for H are used. The solute–solvent cavitation,
dispersion and repulsion interactions are taken as proportional
to the solvent accessible surface area, with the proportionality
constant being the scaled surface tension of the solvent.37 The
surface tension of EC is taken to be 0.0506 N m�1 as per the
experimental value.38 The accessibility function of the implicit
electrolyte is also described via a so-sphere model,29 varying
from 0.0 near the electrode to 1.0 in the bulk electrolyte. The
radius of transition spheres is set by considering the total size of
the solute surrounded by a solvation shell. The solute size is
described by isoradii of the electronic density of isolated atoms
at an isovalue of 0.001 e/a30. A solvation shell radius of 3.0 a0 is
used. The values of these parameters have been previously
calibrated to yield realistic activity coefficients of LiPF6 in EC.29

We calculate the nucleation energy for Li clusters with 1–65
atoms on the graphite electrode at different voltages (U ¼ �0.1,
0.0, 0.1 V) with respect to the Li reference electrode. From the
trend of the variation of the nucleation energy with voltage, we
nd the voltage which would give a zero nucleation energy. This
potential of zero nucleation energy (UPZN) is then plotted as
a function of the size of the cluster. The minimum in the
potential of zero nucleation energy is the critical voltage for
cluster growth, below which the nucleated clusters start
growing unbounded on graphite. Regarding the location of
nucleation on graphite, we consider Li nucleation on the
This journal is © The Royal Society of Chemistry 2022
periodic basal plane (far from the edge), as well as close to the
zigzag edge termination of the basal plane. We further consider
the two end cases where graphite is fully unlithiated and fully
lithiated.
4 Results and discussion
4.1 Li reference chemical potential (~mref

Li )

For the Li reference electrode, we consider (100) slabs of Li
metal with 11, 13, 15 layers at an applied voltage of U ¼ 0.0 V
and compute the grand free energy using the grand canonical
DFT method in electrolyte (gcDFTe).24 The electrolyte is 1 M
LiPF6 in ethylene carbonate (EC) solvent. From the change in
grand free energy with the number of Li atoms, we compute the
chemical potential of Li at the reference electrode (~mrefLi ) using
eqn (2). We also consider a grand canonical calculation in
vacuum (gcDFTv), where the charge of the electrode is
neutralized by an opposite uniform background charge (‘jel-
lium’). The computed values of (~mrefLi ) are shown in Table 2. We
see a large difference in the computed values of (~mrefLi ) with the
choice of environment. The values in vacuum are higher by
approximately half an electron volt (eV) than those in EC/1 M
LiPF6, which is more representative of the actual environment
in Li-ion batteries. The computed chemical potential of Li at the
reference electrode (~mrefLi ) feeds into the calculation of the
nucleation energy of Li clusters at the graphite electrode via
eqn (1).
4.2 Nucleation energy (DU)

The nucleation energy (DU) calculated from eqn (1) informs
whether the formation of a cluster of a particular size (n) is
thermodynamically feasible. A negative nucleation energy
suggests a thermodynamically feasible nucleation, while
a positive nucleation energy indicates that nucleation is not
feasible. In Fig. 2, we show the nucleation energy in the grand
canonical ensemble (DU) computed for Li clusters of 1–65
atoms on the graphite electrode. The simulations are performed
under potential control at different voltages (U ¼ �0.1, 0.0, 0.1
(~mLi )(U ¼ 0) (eV) �200.6018 �201.0472

J. Mater. Chem. A, 2022, 10, 11426–11436 | 11429
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V) with respect to the Li reference electrode using the grand
canonical ensemble DFT method.24 We have considered both
lithiated and unlithiated graphite electrodes, while considering
nucleation on the periodic basal plane, as well as near the nite
zigzag edge termination of graphite. The nucleation energy is
calculated using the grand canonical DFT method in an elec-
trolyte solution (gcDFTe), as well as in vacuum (gcDFTv). In
vacuum, the surface charge on the electrode is neutralized by an
opposite uniform background charge (‘jellium’). In implicit
solvent, the charged electrode is neutralized by the excess of
oppositely charged electrolyte near the surface via the NECS
method.25 The bulk concentration of LiPF6 electrolyte is 1 M.
Fig. 2 The computed nucleation energy (DU) for Li clusters with 1–65
respect to the Li reference electrode using the grand canonical ensem
graphite electrodes, while considering nucleation on the periodic basal p
nucleation energy is calculated in vacuum as well as in ethylene carbona
considered: an opposite uniform background charge (‘jellium’) and neut
1 M LiPF6.

11430 | J. Mater. Chem. A, 2022, 10, 11426–11436
As a general observation for large clusters, the nucleation
energy for Li clusters on the graphite electrode at voltages U $

0.0 V with respect to the Li reference electrode is positive and
monotonically increasing. This suggests that nucleation is
generally unlikely to occur at non-negative voltages (U $ 0.0 V).
The nucleation energy on a graphite electrode at a voltage, U ¼
�0.1 V with respect to the Li reference electrode becomes
negative at least beyond a certain cluster size for all the cases
considered, suggesting that Li nucleation is possible on
a graphite electrode at a negative voltage with respect to the Li
reference electrode. To nd the voltage below which nucleation
energy becomes negative, we compute the potential of zero
nucleation energy, which is described next.
atoms on the graphite electrode at voltages U ¼ �0.1, 0.0, 0.1 V with
ble DFT method.24 We have considered both lithiated and unlithiated
lane as well as near the finite zigzag edge termination of graphite. The
te (EC) solvent environments. Two types of neutralization schemes are
ralization by electrolyte concentration shift (NECS).25 The electrolyte is

This journal is © The Royal Society of Chemistry 2022
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4.3 Potential of zero nucleation energy (UPZN)

The potential of zero nucleation energy (UPZN) is the voltage for
which the nucleation energy (DU) computed from eqn (1)
becomes zero. In other words, it is the voltage below which the
formation of a Li cluster of a particular size becomes thermo-
dynamically feasible. For each cluster size, the potential of zero
nucleation energy is calculated by interpolating the calculated
nucleation energy (DU) at the three potential values of U¼�0.1,
0.0, 0.1 V to obtain UPZN where the nucleation energy, DU ¼ 0.
This potential of zero nucleation energy (UPZN) is plotted in
Fig. 3 for all the clusters with 1–65 atoms in all considered
situations. The nucleation of a cluster of a particular size (n)
occurs when the applied voltage at the graphite electrode is
below the value of UPZN(n). Comparing different situations, we
see a signicant difference between the results in vacuum with
Fig. 3 The potential of zero nucleation energy (UPZN) as a function of th
energy computed for potentials (U¼�0.1, 0.0, 0.1 V) in Fig. 2. The left pan
vacuum (gcDFTv), while the right panel shows the same from the grand
LiPF6 in EC solvent.

This journal is © The Royal Society of Chemistry 2022
jellium as compared to the electrolyte environment, the latter
being more representative of the actual environment in Li-ion
batteries. The UPZN is higher in the electrolyte environment
than in vacuum, suggesting that the Li nucleation is more likely
to occur in the electrolyte environment, than what would be
predicted from vacuum calculations. From a comparison
between the basal plane and zigzag edge, we see that UPZN is
higher near the zigzag edge than on the basal plane, suggesting
the nucleation to be more likely on the zigzag edge termination
of the graphite electrode than the periodic basal plane. The
value of UPZN(n) gives the necessary condition on the voltage for
nucleation of a particular cluster, which leads to the next
question as to what the critical voltage for cluster growth is.
e size of the Li cluster (n), obtained from interpolating the nucleation
el shows the UPZN computed from the grand canonical DFTmethod in
canonical DFT method in electrolyte (gcDFTe). The electrolyte is 1 M
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Table 3 Potential for cluster growth (UPCG) on graphite with respect to the Li reference electrode (below which the nucleated clusters start
growing unbounded)

Ensemble Canonical Grand canonical Experiments

Environment
Vacuum (cDFTv) Vacuum, jellium (gcDFTv) EC, 1 M LiPF6 (gcDFTe)

EC/DEC (1 : 1),
1 M LiPF6

System

Unlithiated graphite Basal plane �0.65 V (ref. 23) �0.20 V �0.12 V �0.15 V to
�0.04 V (ref. 13)Zigzag edge �0.31 V (ref. 23) �0.07 V �0.06 V

Lithiated graphite Basal plane N.A. �0.18 V �0.08 V
Zigzag edge �0.47 V (ref. 23) �0.14 V �0.04 V

Fig. 4 Total electrostatic potential (left) and charge density (right) in a plane cutting through a 5-atom Li cluster nucleated on the periodic basal
plane of the graphite electrode at U ¼ �0.1 V, computed using the grand canonical DFT method.

11432 | J. Mater. Chem. A, 2022, 10, 11426–11436 This journal is © The Royal Society of Chemistry 2022
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4.4 Potential for cluster growth (UPCG)

In each case of Fig. 3, the UPZN values represent the threshold
applied potential below which the nucleation of a Li cluster of
size n is possible. For n ¼ 1, we nd this potential close to zero
in many cases and even at positive potentials under some
conditions. Proceeding to larger n values, we see a decrease of
the UPZN with cluster size. This suggests that subsequent cluster
growth requires successively larger (more negative) over-
potentials until the minimum UPZN is reached. Beyond this
cluster size, the UPZN increases so that spontaneous growth can
occur without an increased overpotential, and in some cases
even at reduced overpotentials. Thus we can dene a potential
for cluster growth,

UPCG ¼ min
n
UPZNðnÞ; (3)

as the potential for (uncontrolled) cluster growth, that can only
be stopped by applying a more positive potential. This potential
for cluster growth (UPCG) is shown in Table 3. We also compare
our results computed using the grand canonical ensemble DFT
method (gcDFT) with our previous work using canonical DFT
simulations in vacuum (cDFTv).23 We see that the magnitude of
potential for cluster growth (UPCG) computed with the grand
canonical DFT method is much lower than that calculated with
the cDFTv approach. This suggests that the growth of clusters
on the graphite electrode would occur much earlier than pre-
dicted by cDFTv calculations. This signies the importance of
the advanced gcDFTe model over the conventional cDFTv
models. Now, comparing the gcDFT in different environments,
we nd that the magnitude of UPCG in the electrolyte
Fig. 5 Total electrostatic potential (left) and charge density (right) in a pla
termination of the graphite electrode at U ¼ �0.1 V, computed using th

This journal is © The Royal Society of Chemistry 2022
environment is lower than that in vacuum, suggesting that the
growth of clusters is much easier in electrolyte than in vacuum.
From a comparison of the location of Li nucleation, we observe
that cluster growth is easier on a zigzag edge termination than
on the periodic basal plane of graphite. From a comparison of
the degree of lithiation of graphite, we note that the cluster
growth is preferred on lithiated graphite compared to unli-
thiated graphite. A recent in situ experimental study by Gao et al.
(which focused more on the kinetic aspects of Li nucleation)
also observed distinct minima in the voltage–capacity plots
shown in Fig. S7 of ref. 13. Their value of minimum potentials
(nucleation barriers) vary from �0.04 V to �0.15 V with respect
to the Li reference electrode, which is quite close to the values
predicted from gcDFTe.
4.5 Electrostatic potential and charge density

The effect of the environment can be more evident from the
plots of electrostatic potential and charge density. We investi-
gate the case of a 5-atom Li cluster on graphite surface at U ¼
�0.1 V and plot the total electrostatic potential and charge
density in a plane cutting through the Li cluster on the periodic
basal plane in Fig. 4 and on the zigzag edge termination of the
graphite in Fig. 5. The total electrostatic potential of the system
in vacuum with jellium is diffuse and extends all over the
simulation cell. In the presence of electrolyte, the total elec-
trostatic potential is effectively screened at the interface so that
it decays rapidly as it should in bulk electrolyte. The total charge
density is shown in the right panels. In vacuum, the negatively
charged electrode system is neutralized by the uniform
ne cutting through a 5-atom Li cluster nucleated near the zigzag edge
e grand canonical DFT method.
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Table 4 Charge on the electrode system for a of 5-atom Li cluster on
graphite at U ¼ �0.1 V computed using grand canonical DFT

Environment
Vacuum, jellium
(gcDFTv)

EC, 1 M LiPF6
(gcDFTv)System

Unlithiated graphite Basal plane �0.73e �12.75e
Zigzag edge �2.96e �23.67e

Lithiated graphite Basal plane �0.41e �11.58e
Zigzag
edge

�1.45e �19.96e
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positively charged jellium which extends all over the simulation
cell. In electrolyte environment, the negatively charged elec-
trode system is neutralized by the build up of positively charged
ions near the interface, forming a double layer and the elec-
trolyte charge density decays to zero far away in bulk electrolyte.
The total charge density integrates to zero in the simulation cell
in all cases, which is a necessary requirement for the conver-
gence of the electrostatic potential in periodic boundary
conditions.25 The net charge on the electrode system is shown in
Table 4 for all cases. The net charge on the surrounding
medium (jellium or electrolyte) is the opposite of this charge on
the electrode system. The magnitude of the charging of the
electrode system is much larger in electrolyte environment than
what occurs in vacuum with jellium. All these observations
highlight the limitations of conventional in-vacuum models
based on jellium neutralization and show the realistic
description with our advanced electrolyte model.
5 Conclusions

We studied the thermodynamics of the nucleation of Li clusters
of 1–65 atoms and their growth on graphite electrodes at an
applied voltage with respect to the Li reference electrode, using
a combined grand canonical large scale density-functional and
Poisson–Boltzmann Theory. We computed the nucleation
energy of Li clusters for different values of the applied voltage, U
¼ �0.1, 0.0, 0.1 V, with respect to the Li reference electrode. We
nd that the nucleation energy is positive and monotonically
increasing at U ¼ 0.0 V and U ¼ 0.1 V, while it achieves
a negative value beyond a certain cluster size for a negative
potential U ¼ �0.1 V. A negative value of the nucleation energy
would mean an energetically favourable nucleation process. To
nd the voltage below which the nucleation energy would
become negative, we compute the potential of zero nucleation
energy (UPZN) for each cluster size (n). The lowest value of
UPZN(n) with respect to the Li reference electrode marks the
potential for cluster growth on graphite electrode, below which
the Li clusters would grow unbounded on graphite. We have
considered the variation with the state of charge, location of
nucleation, and the inuence of the surrounding electrolyte
environment, reaching the following observations:

1. The grand canonical method in electrolyte (gcDFTe) is
a signicant advancement over conventional canonical DFT in
vacuum (cDFTv). For instance, the potential for cluster growth
computed with gcDFTemethod on the zigzag edge is�0.06 V on
11434 | J. Mater. Chem. A, 2022, 10, 11426–11436
unlithiated graphite and �0.04 V on lithiated graphite. This is
close to experimentally observed values of �0.04 V to �0.15 V.13

A corresponding value from cDFTv method is �0.31 V on unli-
thiated graphite and �0.47 on lithiated graphite.23

2. The consideration of the environment plays an important
role in quantifying the thermodynamics of the process. The
magnitude of the potential of cluster growth is found to lower
be in an electrolyte environment (gcDFTe) compared to vacuum
(gcDFTv) for all cases. E.g. the potential for cluster growth on
the zigzag edge of lithiated graphite in vacuum is �0.14 V as
compared to �0.04 V in electrolyte environment. Thus, the
nucleation process is more likely to happen in electrolyte
environments than what could be predicted from calculations
in vacuum.

3. Nucleation is preferred on the zigzag edge termination
rather than the basal plane of graphite. E.g. the potential for
cluster growth on the unlithiated graphite basal plane is
�0.12 V while that on the zigzag edge termination is �0.06 V
with respect to the Li reference electrode.

4. Nucleation is preferred on the lithiated graphite as
compared to the unlithiated graphite. The potential for cluster
growth at the zigzag edge is �0.06 V on unlithiated graphite as
compared to �0.04 V on the lithiated graphite, while the cor-
responding value on the basal plane is�0.12 V on unlithiated as
compared to �0.08 V on lithiated graphite.

The above observations have profound implications for the
occurrence, avoidance and control of dendrite growth in
a battery cell through ab initio simulations. The resulting ther-
modynamic parameters will represent the very rst step of
subsequent kinetic analyses for in silico predictions of impor-
tant results before experimental verication, leading to rapid
discovery of new electrolytes and charging procedures to
improve safety and lifetime of future cells.

The technologically-important insights obtained from this
study to understand the issue of Li nucleation in Li-ion
batteries, which is vital for controlling degradation, have been
made possible by the development of methods for atomistic
simulations of electrodes in an electrolyte environment. The
study also demonstrates the usefulness of the grand canonical
DFT method in electrolyte (gcDFTe) which is a signicant
advancement over conventional canonical DFT in vacuum
(cDFTv). The gcDFTe method is generally applicable and could
be used to model other technologically relevant electrochemical
systems such as fuel cells and electrolyzers. The grand canon-
ical method can also be used for molecular dynamics simula-
tions. However, even with a linear-scaling code like ONETEP,
which overcomes the length-scale limitations of conventional
DFT, we are still limited by the very-short time-scales possible
with ab initio molecular dynamics. Tackling the time-scale
problem would require further developments that could
combine more empirical quantum atomistic methods with
machine-learning approaches.

Data availability

The data that supports the ndings of this study is available
within the article.
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