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Abstract: 

We study the Li clustering process on graphene and obtain the geometry, nucleation barrier and electronic 
structure of the clusters using first-principles calculations. We estimate the concentration-dependent 
nucleation barrier for Li on graphene. While the nucleation occurs more readily with increasing Li 
concentration, possibly leading to the dendrite formation and failure of the Li-ion battery, the existence of 
the barrier delays nucleation and may allow Li storage on graphene. Our electronic structure and charge 
transfer analyses reveal how the fully-ionized Li adatoms transform to metallic Li during the cluster 
growth on graphene. 
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Graphite has been used as an anode material for Li-ion battery since the 1990s. The capacity of the Li-ion 
battery with the graphite anode is known to be 372 mAh/g, corresponding to a LiC6 configuration, where 
intercalated Li ions are distributed on every other hexagon of the graphene lattice.1 Dendrite growth and 
Li atom plating are the main problems which limit the operation and can cause the failure of Li-ion 
batteries.2,3 Both problems are related to the Li cluster nucleation on graphite. Recently, other carbon 
materials such as graphene4,5,6 and carbon nanotubes (CNTs)7,8 have been proposed as replacement anode 
materials. Both materials have an added advantage of accessible large surface area, which could 
potentially increase the capacity of the battery. Although the thermal capacity of graphene anode has 
since been demonstrated to be lower than that of graphite in both experiments and theoretical studies,9, 10 
the nucleation of Li on graphene has barely been studied.11,12 The dendrite formation has been explored 
and simulated from the macroscopic point of view,2 where it was assumed that a nucleation center has 
been formed already.13 Investigating the conditions under which a nucleation center forms requires 
atomistic simulation and modeling. It is known that metal atom clustering happens in carbon materials, 



such as on SWNT. 14 In this work, we applied first-principles calculations to study Li clusters on graphene. 
Our results show that although the binding energy of Li on graphene is weaker than Li in the bulk, the 
nucleation barrier may prevent the phase separation of Li clusters and graphene. The nucleation barrier 
depends on the chemical potential of Li which in turn depends on the concentration of Li on graphene. 
We applied first-principles calculations and macroscopic modeling to roughly estimate the nucleation size 
and energy barrier under various Li concentrations. We also analyzed the charge transfer during 
nucleation, gaining insights into the interactions between the Li ions and graphene as well as the 
nucleation process. 

We applied density functional theory (DFT) with generalized gradient approximation (GGA) as 
implemented in VASP to relax the atomic structures and obtain the total energies. The projector 
augmented waves (PAW) and PW91 functional have been used.15, 16 The plane wave energy cutoff was 
400 eV. The sequence of Li concentrations on graphene was calculated by increasing the size of the 
graphene supercell from 5×5, to 6×6, to 7×7, to 8×8, to 9×9. For each supercell, the convergence of K-
point mesh was tested. In cluster calculations, a 9×9 graphene supercell was used with a vacuum space of 
15 Å along the z direction. The Brillouin zone was sampled using a Γ-centered 3×3×1 K-point grid in all 
cases. For electronic structure calculations, a 6×6 graphene supercell was used. Since the bonding 
between Li and graphene is mostly ionic,17 the role of van der Waals interactions is minor, and van der 
Waals corrections are not essential here. We also note that in systems with well-pronounced charge 
transfer states such as ours, semilocal functionals may not yield accurate results due to their well-known 
delocalization error. To verify the accuracy of PW91 functional, we performed an additional calculation 
using a hybrid HSE functional for the adsorption energy of LiC6. We obtained values of -0.95 and -0.92 
eV/atom for the Li adsorption energy with PW91 and HSE functionals, respectively. As expected, the 
interaction energy given by HSE is smaller, consistent with the fact that (semi)local functionals 
overestimate binding of charge transfer states. However, the difference between the two values is not very 
large, validating applicability of PW91 to this system. 

The structure of Li clusters on graphene. We considered clusters with the numbers of atoms n up to 13; 
Fig. 1 shows the obtained low-energy configurations for clusters with n up to 11. Unlike graphite, the 
adsorption energy of a single Li atom on graphene is higher than the bulk Li; therefore, in the 
thermodynamical limit, Li atoms would tend to aggregate into large clusters rather than adsorb on 
graphene separately.9,10 However, there will be a nucleation barrier due to the high surface energy of 
small clusters. We searched for the lowest energy structures by considering several possible 
configurations for each cluster. For smaller clusters (n=3, 4, 5), all possible configurations were searched, 
and clusters with the lowest energy were selected as the ground state. For larger clusters (n>5), global 
optimization was impractical, and two alternative approaches were used to identify low energy structures. 
One is to simply add an atom to a previously found low energy (n-1)-atom cluster. Another is to start with 
the ground state geometry in vacuum,18, 19 bring the cluster in contact with graphene, and perform 
relaxation. In some cases (n=6,8,9), both approaches led to same geometries. For the remaining clusters 
(n=7,10,11,12,13), the first method yielded geometries with the energy that is lower than that obtained by 
starting from the equilibrium geometry in vacuum. It is possible that the found geometries do not 
represent the true ground states for these clusters; however it is likely that their energies are quite close to 
them, considering the inherent polymorphism of few-atom metal clusters. 



 

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

yellow, and light purple (farthest from graphene). 

The most stable configurations of Li clusters (Lin) on graphene are not necessary the same as in vacuum. 
For n=2, the Li atoms form a dimer with the optimized distance of 2.65-2.78 Å in vacuum;20 however, for 
two Li atoms attached to graphene, the effective pair interaction is repulsive, and the formation energy of 
the dimer is larger than the sum of bonding energies of individual Li atoms. Hence, the dimer structure for 
Li 2 is not favorable on graphene. For n=3, Li atoms form an isosceles triangle in vacuum.18  The Li3 on 
graphene forms isosceles triangle as well but the third atom prefers to stay above the other two rather than 
attaching on graphene to form the equilateral triangle. It points to the start of nucleation, where the cluster 
prefers forming a three-dimensional shape rather than being attached to graphene surface. For n=4, the Li 
atoms form a rhombus in vacuum, but the most stable structure for Li4 on graphene is a tetrahedron.18 All 
other cluster configurations for n=2-5 and their energy differences are listed in the Supporting 
Information. The observed non-intuitive behavior for the small Li clusters (n<7) to prefer planar 
configurations in vacuum,18 but form three-dimensional shapes on graphene is discussed 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 formation free energy ∆G��� of each cluster at 
concentration x is defined as  

∆G��� ≡ ��Li
@graphene� � ��graphene� � � ∙ ��Li@Li�C�                                                      (1) 

where µ(Li@Li xC) is the chemical potential of Li under various conditions. In Li-ion batteries, the Li+ 
ions arrive at the surface and are adsorbed on graphene first.21 We use this adsorbed phase as a reference, 
and define the chemical potential of Li as 



��Li@Li�C� = ���Li�C� − ��C��/� − �����                                                                              (2) 

The nucleation process depends strongly on the chemical potential of Li atoms. For instance, if the 
chemical potential is chosen to be that of atomic Li, the cluster energy would be negative, and the 
formation of Li clusters is strongly favored, whereas if the chemical potential is chosen to be that of Li in 
the bulk phase, the formation energy is positive, meaning that cluster formation is unlikely. When the 
adsorbed phase is used as a reference, the chemical potential of Li will be concentration-dependent. We 

compute the µ(Li@Li xC) for Li:C ratios ranging from 1:162 to 1:6. We also include the configurational 
entropy correction at a dilute limit into the chemical potential of the reference phase. The configurational 
entropy of the clusters is much smaller than that of the reference phase and can be neglected. The entropy 
of the reference phase is estimated by counting the number of adsorption configuration at a given 
concentration. The entropy S  (per adsorbed Li atom) of the adsorbed phase is given by: 

−���� = 	 !"�ln 2� + �1 − 2�� ln�1 − 2��/2��                                                                                     (3) 

Here, � = '(: *, and kB is the Boltzmann constant.22 The temperature was taken to be 300 K.  

We also estimate the formation energy of Li clusters on graphene using a macroscopic model. The model 
is useful when considering cluster sizes that are not accessible with the atomistic calculations. The 
spherical model of Li clusters can be used to do a quick estimation but a more accurate equilibrium shape 
of a Li cluster in vacuum should be determined utilizing Wulff construction.23 The equilibrium shape of 
Li clusters in vacuum is obtained by minimizing the surface energy of cluster Es at a given size. If the 
cluster shape is a polyhedron, the formation energy with respect to the bulk phase is given by: 

�+ = 	 ∑ -./..                                                                                                                         (4) 

where γi is the surface energy of the ith facet of the polyhedron and Ai is the area of the facet. According 
to the Wulff theorem, the distances of the crystal facets from the center are proportional to the facet 
surface energies when the crystal is at equilibrium. Based on cluster size n, one can estimate the volume 
of Li clusters from the atomic volume, and by simple geometry analysis according to Fig.2b, the change 
of the surface area Ai with n can be derived. We construct the equilibrium shape using the values of 29 
meV/ Å2, 31 meV/ Å2, and 35 meV/ Å2, for the formation energies of the (100), (110), and (111) facets of 
Li, respectively, as obtained with the DFT calculation using GGA.24 The equilibrium particle shape is 

shown in Fig.2b. After accounting for various contributions, the particle formation free energy ∆G(n) is 
given by: 

∆0��� = �+ + �1234 − /�566�-.789:;<=9 − ��                                                              (5) 

Here, n  is the number of atoms in the cluster, bulkE  is the atomization energy of bulk Li, ( )100A  is the 

area of the particle (100) facet, and µ  is the chemical potential of the reference phase (in this case, a 

submonolayer amount of Li on graphene at a given concentration). We chose the (100) facet because it 

has the largest surface area. For the interface energy interfaceγ  of Li(100) on graphene, we obtained a value 

of 14 meV/ Å2 , by calculating the graphene-Li interaction energy for a Li slab on graphene with six Li 
layers. The cluster formation curves based on the macroscopic cluster model are shown in dashed lines in 
Fig.2a. The few-atoms Li clusters considered in our work do not have facets corresponding to well-



defined crystal surfaces that normally exist in large metal particles. Hence, the model of a bulk crystal 
truncated by several low-energy crystalline planes is not directly applicable in this case. Not surprisingly, 
the model, when used in an unmodified form, predicts formation energies that are different (too high) 
from the actual cluster formation energies. We also considered an altered model assuming the same 
scaling of the formation energy, E~n2/3, but with a prefactor that is different in case of very small clusters. 
The prefactor was obtained by fitting the calculated formation energies, and can be conveniently 
incorporated into the interface energy. We got the value of ~150 meV/ Å2 for the effective interface 
energy, with the fitting curves shown as solid lines in Fig.2a. It should be noticed that when the clusters 
become larger and approach the macroscopic limit, the nucleation behavior should be represented by the 
dashed lines. Any changes in the cluster shape upon the adsorption were neglected, and the formation 
energy on graphene was calculated using the equilibrium shape in vacuum.  

 

Figure 2. (a) Cluster formation energies at different chemical potentials: symbols represent atomistic 
results, as given by Eq.1; the dashed lines are obtained from the macroscopic Wulff construction model 

(Eq.5), and solid lines show the fitting of Eq.5 by modifying the interface energy -.789:;<=9. The 

equilibrium crystal shape from the Wulff construction is shown in (b). 

The comparison of the cluster formation energy as predicted by Eq.5 and calculated formation energies of 
actual clusters by Eq.1 are shown in Fig.2a, with good agreement. Using the analytical expression, we get 
the critical cluster size and the nucleation barrier. The critical cluster sizes and nucleation barriers at 
various reference Li concentrations are listed in Table I. As we can see, the cluster sizes for nucleation are 
small, but the nucleation barriers are not negligible.  For example, the smallest nucleation barrier at high 
concentration limit is around 0.27 eV; for the dilute case (Li:C=1:162), the barrier is as high as ~14.7 eV. 
We conjecture that overcoming this nucleation barrier and forming a metal particle may be important for 
the initial nucleation of a dendrite. However, answering the question of how the dendrite that was 
nucleated by a Li nucleus proceeds to grow into mesoscopic and macroscopic sizes is beyond the scope of 
this work.   



Table I. Cluster sizes and the nucleation barriers obtained from the analytical cluster model at various 
reference Li concentrations on graphene. 

Li:C N ∆Gbarrier (eV) 

1:6 1 0.27 

1:24 3 0.53 

1:72 40 3.23 

 

The electronic structure and electron transfer during clustering. Based on the previous discussions, the 
interaction between Li clusters and graphene is stronger than that of neutral metallic bulk Li on graphene, 
which indicates the stronger ionic bonding and charge transfer from Li to graphene. A single Li adatom 
binds to graphene by donating its electron to the delocalized π states of graphene, and becomes fully 
ionized.25 When the cluster is formed, the Li electrons should be localized inside the cluster, similar to 
bulk Li where each Li has zero net charge.  At intermediate cluster sizes, the transition from the adatom to 
bulk behavior occurs. For Li2 in vacuum, the Li electrons pair up and form the Li-Li bond. However, 
when adsorbed on graphene, our calculations indicate that the Li electrons are mainly transferred to 
graphene by filling up the upper Dirac cone, as shown in Fig.3a. It suggests that the Li2 is ionized and 
each Li carries +1 charge. For Li3, a flat band appears below the Fermi level. Its charge density 
distribution at Γ point indicates that two electrons are shared between the Li3 cluster (Fig.3b). The 
remaining electron is transferred to graphene. Therefore, on average, each Li carries +1/3 charge. For Li4 

(Fig.3c), two electrons are localized inside the cluster, and thus each Li has +1/2 charge averagely. As the 
cluster grows larger, the net charge of Li asymptotically approaches the zero charge of bulk Li. The low 
energy of the electron localized inside the Li clusters (from Li3 to Li4) might be an additional driving 
force for the nucleation. To test the extent of applicability of DFT band structures to describe 
quasiparticle energies in real systems, we have additionally carried out a GW calculation for the band 
structure of LiC6. The plot comparing the PW91 and GW band structures of LiC6 is shown in Fig.S3. As 
can be seen from the figure, the main impact of including many-body effects into the quasiparticle 
energies is the lowering of quasiparticle bands with respect to the Fermi level. Another observation is that 
the electron occupation of the Li band is higher in GW, suggesting decreased charge transfer from Li to 
graphene relative to PW91 results. From the above comparison, we expect that our qualitative analysis of 
the charge transfer process from adsorbed Li to graphene should remain valid. 

 



 

Figure 3. Electronic structure of Li cluster on graphene for (a) Li2 (b) Li3 (c) Li4. Red and black dots in (a) 
show the spin-polarized states of the magnetic Li2. The Li3 and Li4 are non-magnetic and thus the states 
are doubly-occupied. The Fermi level is set to zero. The charge density distribution of the flat band at Γ 
point is shown in the bottom panel. For (a), the isosurface is displayed in yellow to indicate the state is 

unoccupied. 

 

In summary, we investigated the Li cluster formation process using first-principles calculations and found 
that the Li nucleation barrier depends strongly on the concentration of Li ions on graphene. This 
nucleation barrier would prevent the phase separation from occurring under certain concentrations. The 
electronic structure of those clusters on graphene indicates that the low energy electrons localized inside 
the Li clusters might be the driving force for the nucleation. 
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