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Abstract:

We study the Li clustering process on grapheneottain the geometry, nucleation barrier and eledtro
structure of the clusters using first-principletcatations. We estimate the concentration-dependent
nucleation barrier for Li on graphene. While theleation occurs more readily with increasing Li
concentration, possibly leading to the dendritenfation and failure of the Li-ion battery, the egiste of
the barrier delays nucleation and may allow Liag@ron graphene. Our electronic structure and eharg
transfer analyses reveal how the fully-ionized dams transform to metallic Li during the cluster
growth on graphene.
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Graphite has been used as an anode material fonlbattery since the 1990s. The capacity of thiohi
battery with the graphite anode is known to be BiAh/g, corresponding to a Li@onfiguration, where
intercalated Li ions are distributed on every otmexagon of the graphene latticBendrite growth and

Li atom plating are the main problems which linhietoperation and can cause the failure of Li-ion
batteries"® Both problems are related to the Li cluster nuadeeon graphite. Recently, other carbon
materials such as graphéniand carbon nanotubes (CNT$have been proposed as replacement anode
materials. Both materials have an added advantiagecessible large surface area, which could
potentially increase the capacity of the batteyh@ugh the thermal capacity of graphene anode has
since been demonstrated to be lower than thataphige in both experiments and theoretical stutif8s,
the nucleation of Li on graphene has barely beediesti'**? The dendrite formation has been explored
and simulated from the macroscopic point of viemhere it was assumed that a nucleation center has
been formed already.Investigating the conditions under which a nudteatenter forms requires
atomistic simulation and modeling. It is known thattal atom clustering happens in carbon materials,



such as on SWNT In this work, we applied first-principles calcttats to study Li clusters on graphene.
Our results show that although the binding eneffdyi on graphene is weaker than Li in the bulk, the
nucleation barrier may prevent the phase separafibnclusters and graphene. The nucleation barrie
depends on the chemical potential of Li which imtdepends on the concentration of Li on graphene.
We applied first-principles calculations and macogsc modeling to roughly estimate the nucleatiae s
and energy barrier under various Li concentratitvis.also analyzed the charge transfer during
nucleation, gaining insights into the interactitwe$ween the Li ions and graphene as well as the
nucleation process.

We applied density functional theory (DFT) with gealized gradient approximation (GGA) as
implemented in VASP to relax the atomic structued obtain the total energies. The projector
augmented waves (PAW) and PW91 functional have beed"> *° The plane wave energy cutoff was
400 eV. The sequence of Li concentrations on grag@kes calculated by increasing the size of the
graphene supercell from 5x5, to 6x6, to 7x7, to,838x9. For each supercell, the convergence of K-
point mesh was tested. In cluster calculationss@d@aphene supercell was used with a vacuum syace
15 A along the z direction. The Brillouin zone v&asnpled using B-centered 3x3x1 K-point grid in all
cases. For electronic structure calculations, aggaphene supercell was used. Since the bonding
between Li and graphene is mostly ioHithe role of van der Waals interactions is minad san der
Waals corrections are not essential here. We asothat in systems with well-pronounced charge
transfer states such as ours, semilocal functianalsnot yield accurate results due to their wathkn
delocalization error. To verify the accuracy of PI@nctional, we performed an additional calculatio
using a hybrid HSE functional for the adsorptioerggy of LiGs. We obtained values of -0.95 and -0.92
eV/atom for the Li adsorption energy with PW91 &8E functionals, respectively. As expected, the
interaction energy given by HSE is smaller, coesistvith the fact that (semi)local functionals
overestimate binding of charge transfer states.d¥ew the difference between the two values isrant
large, validating applicability of PW91 to this s3ms.

The structure of Li clusters on graphene. We considered clusters with the numbers of atomg to 13;

Fig. 1 shows the obtained low-energy configuratimmslusters witin up to 11. Unlike graphite, the
adsorption energy of a single Li atom on graphsrteégher than the bulk Li; therefore, in the
thermodynamical limit, Li atoms would tend to aggate into large clusters rather than adsorb on
graphene separately’ However, there will be a nucleation barrier dugh® high surface energy of
small clusters. We searched for the lowest endrggtsires by considering several possible
configurations for each cluster. For smaller clisste=3, 4, 5), all possible configurations were seadlche
and clusters with the lowest energy were selecatieground state. For larger clustepss), global
optimization was impractical, and two alternatipp@aches were used to identify low energy strestur
One is to simply add an atom to a previously folavdenergy §-1)-atom cluster. Another is to start with
the ground state geometry in vacutin? bring the cluster in contact with graphene, andopen
relaxation. In some caseas6,8,9), both approaches led to same geometrieshEsemaining clusters
(n=7,10,11,12,13), the first method yielded geomstwi#h the energy that is lower than that obtaibgd
starting from the equilibrium geometry in vacuutrisipossible that the found geometries do not
represent the true ground states for these clystengever it is likely that their energies are guitose to
them, considering the inherent polymorphism of fem metal clusters.



Figure 1. The most stable structures of Li clusters on lgeap from n=3 to 11. Balls represent Li atoms
and are colored in the order of increasing distdrara graphene: purple (closest to graphene), red,
yellow, and light purple (farthest from graphene).

The most stable configurations of Li clusters(lon graphene are not necessary the same as innaacu
Forn=2, the Li atoms form a dimer with the optimizedtdnce of 2.65-2.78 A in vacuuthhowever, for
two Li atoms attached to graphene, the effectiveipgeraction is repulsive, and the formation eyyeof
the dimer is larger than the sum of bonding energféndividual Li atoms. Hence, the dimer struettor
Li, is not favorable on graphene. Fr3, Li atoms form an isosceles triangle in vacufirthe Li on
graphene forms isosceles triangle as well buthind aitom prefers to stay above the other two retien
attaching on graphene to form the equilateral ¢fiant points to the start of nucleation, where ttuster
prefers forming a three-dimensional shape rathaar teing attached to graphene surfacenEdy the Li
atoms form a rhombus in vacuum, but the most s&thleture for Lj on graphene is a tetrahedr8imli
other cluster configurations far2-5 and their energy differences are listed inShpporting
Information. The observed non-intuitive behaviarttee small Li clustersnk?) to prefer planar
configurations in vacuurtf but form three-dimensional shapes on graphenisésissed below from the
electronic structure point of view.

The cluster formation energy and macroscopic model. Based on the determined most stable structures, we
estimate the formation energy of clusters. The &iom free energaG(n) of each cluster at
concentratiorx is defined as

AG(n) = E(Liy@graphene) — E(graphene) — n - u(Li@Li,C) D

where(Li@Li,C) is the chemical potential of Li under variousditions. In Li-ion batteries, the Li
ions arrive at the surface and are adsorbed orhgrapfirs* We use this adsorbed phase as a reference,
and define the chemical potential of Li as



u(Li@Li,C) = [E(Li,C) — E(C)]/x — TS(x) 2)

The nucleation process depends strongly on the ichépotential of Li atoms. For instance, if the
chemical potential is chosen to be that of atonij¢He cluster energy would be negative, and the
formation of Li clusters is strongly favored, whasdf the chemical potential is chosen to be tih&f i
the bulk phase, the formation energy is positiveaning that cluster formation is unlikely. When the
adsorbed phase is used as a reference, the chgmieatial of Li will be concentration-dependente W
compute thg/Li@LiC) for Li:C ratios ranging from 1:162 to 1:6. Wealinclude the configurational
entropy correction at a dilute limit into the chealipotential of the reference phase. The configumral
entropy of the clusters is much smaller than ti#he reference phase and can be neglected. Trapgnt
of the reference phase is estimated by countingthgber of adsorption configuration at a given
concentration. The entrop$ (per adsorbed Li atom) of the adsorbed phaseveéndiy:

—S(x) = kg[In2x + (1 — 2x) In(1 — 2x) /2x] )
Here,x = Li: C, andkg is the Boltzmann constafftThe temperature was taken to be 300 K.

We also estimate the formation energy of Li clustar graphene using a macroscopic model. The model
is useful when considering cluster sizes that ateocessible with the atomistic calculations. The
spherical model of Li clusters can be used to daiek estimation but a more accurate equilibriutmpsh

of a Li cluster in vacuum should be determinedaitity Wulff constructiorf> The equilibrium shape of

Li clusters in vacuum is obtained by minimizing theface energy of clustég at a given size. If the
cluster shape is a polyhedron, the formation eneitfyrespect to the bulk phase is given by:

Es = YiviA; (4)

wherey is the surface energy of tith facet of the polyhedron arglis the area of the facet. According
to the Wulff theorem, the distances of the cryfaéts from the center are proportional to thetface
surface energies when the crystal is at equilibriBased on cluster size one can estimate the volume
of Li clusters from the atomic volume, and by simgeometry analysis according to Fig.2b, the change
of the surface are®& with n can be derived. We construct the equilibrium shegdeg the values of 29
meV/A? 31 meV/A? and 35 meVA? for the formation energies of the (100), (11®) &111) facets of
Li, respectively, as obtained with the DFT calcigiatusing GGA? The equilibrium particle shape is
shown in Fig.2b. After accounting for various cdmitions, the particle formation free eney@(n) is
given by:

AG(“) = Es + Ebulk - A(lOO)yinterface —un (5)

Here, n is the number of atoms in the clustéy,, is the atomization energy of bulk LP,thO) is the

area of the particle (100) facet, apdis the chemical potential of the reference phasth(s case, a
submonolayer amount of Li on graphene at a giverceatration). We chose the (100) facet because it
has the largest surface area. For the interfacgene, ... of Li(100) on graphene, we obtained a value
of 14 meV/A? | by calculating the graphene-Li interaction eyémg a Li slab on graphene with six Li

layers. The cluster formation curves based on therascopic cluster model are shown in dashed imes
Fig.2a. The few-atoms Li clusters considered inwork do not have facets corresponding to well-



defined crystal surfaces that normally exist igéametal particles. Hence, the model of a bulktatys
truncated by several low-energy crystalline plasesot directly applicable in this case. Not susimly,
the model, when used in an unmodified form, prediatmation energies that are different (too high)
from the actual cluster formation energies. We atawsidered an altered model assuming the same
scaling of the formation energl~n?°, but with a prefactor that is different in casevefy small clusters.
The prefactor was obtained by fitting the calcuddt@mation energies, and can be conveniently
incorporated into the interface energy. We gotlee of ~150 meV/ Afor the effective interface
energy, with the fitting curves shown as solid dife Fig.2a. It should be noticed that when thstelts
become larger and approach the macroscopic lingtnticleation behavior should be represented by the
dashed lines. Any changes in the cluster shape tiygoadsorption were neglected, and the formation
energy on graphene was calculated using the equitibshape in vacuum.
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Figure 2. (a) Cluster formation energies at different chemahpotentials: symbols represent atomistic
results, as given by Eq.1; the dashed lines amraat from the macroscopic Wulff construction model
(Eq.5), and solid lines show the fitting of Eq.5rgdifying the interface energy,erfqce- The
equilibrium crystal shape from the Wulff constroctiis shown in (b).

The comparison of the cluster formation energyraslipted by Eg.5 and calculated formation energies
actual clusters by Eq.1 are shown in Fig.2a, withcgagreement. Using the analytical expressiorgete
the critical cluster size and the nucleation barfiée critical cluster sizes and nucleation basra

various reference Li concentrations are listedabl& |. As we can see, the cluster sizes for ntioleare
small, but the nucleation barriers are not negigib-or example, the smallest nucleation bartiévigh
concentration limit is around 0.27 eV; for the tdlease (Li:C=1:162), the barrier is as high as 7#&¥.

We conjecture that overcoming this nucleation kamind forming a metal particle may be important fo
the initial nucleation of a dendrite. However, asswg the question of how the dendrite that was
nucleated by a Li nucleus proceeds to grow intoas@spic and macroscopic sizes is beyond the sdope o
this work.



Table I. Cluster sizes and the nucleation bargétained from the analytical cluster model at vasio
reference Li concentrations on graphene.

Li:C N AGyarrier (€V)
1:€ 1 0.2
1:24 3 0.5¢
1:72 40 3.2¢8

The electronic structure and electron transfer during clustering. Based on the previous discussions, the
interaction between Li clusters and graphene aggr than that of neutral metallic bulk Li on dnepe,
which indicates the stronger ionic bonding and gedransfer from Li to graphene. A single Li adatom
binds to graphene by donating its electron to #leahlizedr states of graphene, and becomes fully
ionized?® When the cluster is formed, the Li electrons stidid localized inside the cluster, similar to
bulk Li where each Li has zero net charge. Atrimediate cluster sizes, the transition from the@dao
bulk behavior occurs. For Lin vacuum, the Li electrons pair up and form thilbond. However,
when adsorbed on graphene, our calculations ireltbat the Li electrons are mainly transferred to
graphene by filling up the upper Dirac cone, asashim Fig.3a. It suggests that the IS ionized and
each Li carries +1 charge. ForLa flat band appears below the Fermi level. le&rgh density
distribution afl” point indicates that two electrons are shared éetvthe Lj cluster (Fig.3b). The
remaining electron is transferred to graphene. foeg, on average, each Li carries +1/3 chargeLkor
(Fig.3c), two electrons are localized inside thestdr, and thus each Li has +1/2 charge averafslthe
cluster grows larger, the net charge of Li asymgadly approaches the zero charge of bulk Li. Toe |
energy of the electron localized inside the Li téus (from L to Lis) might be an additional driving
force for the nucleation. To test the extent ofliappility of DFT band structures to describe
quasiparticle energies in real systems, we havitiadally carried out a GW calculation for the band
structure of LiG. The plot comparing the PW91 and GW band strustafe.iCs is shown in Fig.S3. As
can be seen from the figure, the main impact diitting many-body effects into the quasiparticle
energies is the lowering of quasiparticle band& wespect to the Fermi level. Another observatiothat
the electron occupation of the Li band is higheGW, suggesting decreased charge transfer from Li t
graphene relative to PW91 results. From the abowugparison, we expect that our qualitative analgtis
the charge transfer process from adsorbed Li tohgnae should remain valid.



Figure 3. Electronic structure of Li cluster on graphene(frLi, (b) Lis (c) Li;. Red and black dots in (a)
show the spin-polarized states of the magneticTltie Lk and Li, are non-magnetic and thus the states
are doubly-occupied. The Fermi level is set to Z€he charge density distribution of the flat bandl
point is shown in the bottom panel. For (a), tlusisface is displayed in yellow to indicate thdesta

unoccupied.

In summary, we investigated the Li cluster formatiwocess using first-principles calculations apuhid
that the Li nucleation barrier depends stronglyte@concentration of Li ions on graphene. This
nucleation barrier would prevent the phase semardtom occurring under certain concentrations. The
electronic structure of those clusters on grapliedieates that the low energy electrons localizeside
the Li clusters might be the driving force for thgcleation.
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