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Abstract 
Quasi-2D crystals inside bilayer graphene have been observed in in-situ TEM 
experiments [Nature 564 (2018) 234]. It was also revealed that Li crystals have the FCC 
structure, nucleate at point defects in graphene and contain impurity atoms. Using first-
principles calculations, we systematically study the interaction of isolated Li atoms and 
those assembled in FCC crystals with vacancy-type defects in graphene and show that 
quasi-2D Li crystals encapsulated between graphene sheets must indeed nucleate at the 
defects and that the interaction of not only isolated Li atoms, but also Li crystals with 
the defects in graphene is strong. We further demonstrate that a moiré pattern develops 
at the graphene/Li interface. Finally, we investigate the behavior of impurities most 
likely to be found in the encapsulated Li crystals, such as O, N, S and F and show that 
all impurity atoms take octahedral interstitial positions and strongly interact with atoms 
in Li crystals, thus impeding the de-lithiation process. Our theoretical work focused on 
the fundamental aspects of the behavior of Li inside bilayer graphene should help 
rationalize the results of in-situ TEM experiments and shed light on the role of 
impurities in the degradation of anode materials during Li-ion battery operation. 
 
Keywords: Li intercalation, graphene, defects, first-principles calculations 
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1. Introduction 

The operation of the state-of-the-art alkali-metal-ion batteries[1-4] is based on the 

reversible intercalation of the ions into sp2-hybridized carbon structures, so that the 

interaction of alkali-metal atoms with graphitic hosts and the electrochemistry of 

intercalation compounds have recently been one of the most important topics in 

materials science. Moreover, the efficient intercalation has been demonstrated to be of 

pivotal importance for not only energy storage[5-8], but also tuning the opto-electronic 

properties of bulk[9] and nano-structured layered materials[10-13]. As for the latter, the 

intercalation of Li atoms into vertical heterostructures assembled from individual sheets 

of graphene and transition metal dichalcogenides, such as MoS2, which are also 

considered as perspective anode materials[14-17], have been studied. 

Very recently, lots of attention has been paid to the intercalation of various species into 

bi-layer graphene (BLG) [8, 11, 12, 18-22], as the robustness of graphene sheets and 

their stability under electron beam made it possible to investigate[23] the new quasi-

two-dimensional (q-2D) materials with atomic resolution using transmission electron 

microscopy (TEM). In particular, in-situ TEM studies showed the unexpected 

formation of multi-layer close-packed Li phases between graphene sheets[18] when Li 

atoms are driven into BLG. Follow-up studies[24] demonstrated that upon lithiation 

many Li islands with triangular shapes appear simultaneously, presumably due to the 

predominant nucleation of Li structures at vacancy-type defects in graphene. We note 

that the formation of Li clusters in graphene-based systems has been previously 

discussed[25, 26] in connection with Li dendrites formation, which is associated with 

battery degradation. 

The observed q-2D Li crystals had FCC lattices and consisted of 3-9 closely packed 

(111) planes of Li atoms. The presence of impurity atoms (mostly oxygen) in interstitial 

positions in the Li crystals was detected, and it was also found that upon delithiation, 
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the impurities played an important role preventing complete delithiation and giving rise 

to the formation of amorphous Li-containing compounds.  

These observations give rise to several questions concerning the interaction of Li atoms 

with defects in graphene and impurity atoms. Although it is intuitively clear that 

isolated Li atoms will interact more strongly with dangling bond atoms in graphene 

than with pristine graphene, this does not necessarily mean that the growing Li crystals 

will remain pinned by the defect. Moreover, vacancy-type defects in graphene are 

known to reconstruct by bond rotations[27, 28], which should decrease the reactivity of 

defective graphene. In general, the atomic structure of graphene at the interface with 

FCC Li crystals has not been investigated before. It is not clear either where impurity 

atoms, such as ubiquitous O, N, etc. would prefer to be, in the bulk of Li crystals or 

between graphene sheets and Li surface.  

Here we employ first-principles calculations to address these issues. By systematically 

studying the interaction of isolated Li atoms and those in FCC crystals with defects in 

graphene, we obtain insights into the behavior of q-2D Li crystals encapsulated between 

defective graphene sheets. Our results also shed light on the energetics of intercalated 

Li atoms and their agglomeration in the presence of defects. We further investigate the 

behavior of typical impurity atoms in bulk and q-2D Li crystals.  

2. Computational methods 

Spin-polarized density functional theory (DFT) calculations were performed using 

Vienna Ab initio Simulation Package (VASP) [29, 30], based on the plane-wave 

projector augmented-wave (PAW) method[31]. The exchange-correlation functional 

was employed in the generalized gradient approximation of Perdew-Burke-Ernzerhof 

(GGA-PBE)[32]. The Grimme (DFT-D3) method was considered for treating van der 

Waals (vdW) interactions[33-35]. An energy cut-off of 600 eV for plane-wave 

expansion was used for the primitive cell (the total energy was converged within 10-5 

eV) and 400 eV for supercell calculations, respectively. This value of cutoff converged 
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the defect formation energies and all other relevant quantities within an accuracy of 

0.05 eV, which is sufficient for our purpose and made it possible to avoid excessive 

consumption of CPU time. Various initial configurations of Li atoms on monolayer and 

between bilayer graphene sheets (AA and AB stacked) were investigated to screen out 

the most stable configurations. The simulation models of graphene/Li (111) interface 

were constructed using 10 × 10 graphene supercell on top of a (111) 8 × 8 Li slab, with 

a total strain of ~0.47%, containing 392 atoms. The Brillouin zone of the primitive cells 

and supercells were sampled using (12 × 12 × 1) and (4 × 4 × 1) Monkhorst−Pack k-

point, respectively[36]. All structures are fully optimized until the maximum force on 

each atom is less than 0.01 eV/Å. The behavior of impurity atoms in bulk Li crystals 

were studied by calculating their energetics in a periodic supercell composed of 576 Li 

atoms. The VESTA[37]  and VMD[38] packages were used for visualizing the atomic 

structures and charge density differences. The isovalue for rendering the isosurfaces is 

0.001 e/a03. 

The stability of a Li structure in BLG was evaluated by calculating its formation energy 

Ef as follows: 

𝐸! = (𝐸"#$%& − 𝐸"# − ∑ 𝑛'𝜇'' )/	𝑛'                                  (1) 

where 𝐸"#$%& and 𝐸"# are the energies of the graphene supercell with and without Li 

atoms, respectively.	𝑛' 	and 𝜇'  refer to the number of Li atoms and their chemical 

potential in the bulk elemental phase. It was assumed that for all Li atoms 𝜇' is the same 

as in the bulk FCC phase. 

To get more insight into the behavior of Li atoms in defective graphene, we also 

calculated the energy difference ∆𝐸! between configurations corresponding to all Li 

atoms located near the defect and in the pristine areas, which is defined as  

∆𝐸! = 𝐸!
()!(𝑛'Li) − [𝐸!

()!2(𝑛' − 1)Li)4 +	𝐸!
*+',-'.)(1Li)],                  (2) 

where 𝐸!
()!	and 𝐸!

*+',-'.) 	are the formation energies of the configurations with Li 

atoms adsorbed on defective and pristine graphene, respectively. It is assumed that one 

Li atom is always attached to the defect. The sign of ∆𝐸!	indicates if the atoms prefer 

to cluster on the defect or remain spatially separated.  
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To analyze the charge transfer between adsorbed Li and graphene, the charge density 

difference was calculated as 

∆𝜌 = 𝜌%&$" − [𝜌%& + 𝜌"]                                        (3) 

where 𝜌%&$" denotes the electronic charge density of the combined system (graphene 

and Li), and 𝜌%& and 𝜌" represent the charge density of the isolated Li subsystem and 

graphene, respectively. 

 

3. Results and discussion 

3.1. Interaction of individual Li atoms with graphene 

3.1.1. Interaction of Li atoms with single layer graphene 

The TEM in-situ experiments[24] clearly indicated that Li crystals nucleate in the areas 

of BLG where point defects are present. These defects are likely the vacancies which 

appeared due to the effects of the electron beam, so that we concentrate on the 

interaction of Li atoms with vacancies in BLG.  

For the sake of completeness, and to establish the link to the results of previous 

calculations [39, 40], we studied first the interaction of Li atoms with pristine and 

defective single layer graphene (SLG). We considered 5 different point defects (single-

, double-, and tetra- vacancies) observed in the TEM experiments[41, 42]. As for 

divacancies, three possible configurations, 5-8-5 (Fig. 1d), 555-777 (Fig. 1e) and 5555-

6-7777 (Fig. 1f) were considered. We first examined the corresponding total energies 

of the structures for all possible adsorption sites, and the most stable configurations are 

shown in Fig. 1. Li adsorption on pristine graphene is energetically not favorable with 

respect to bulk Li phase, as evidenced by positive formation energy, in agreement with 

the previous reports [39, 43]. In contrast, the presence of undercoordinated atoms in the 

graphene with defects leads to a negative formation energy of -1.02, -0.51, -0.44 and -

0.7 eV for single vacancy and divacancy in the 5-8-5, 5555-6-7777 and 555-777 

configurations, respectively. In the lowest energy configurations, Li is located above 

the center of the octagon ring in the 5-8-5, above the heptagon ring in the 555-777 and 

on top of the pentagon ring in the 5555-6-7777 defect. In case of tetra vacancies, we 
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found that Li atom is adsorbed on the hollow site of the octagonal ring with a formation 

energy of -0.9 eV (Fig. 1c). These results suggest that Li atoms are more likely to absorb 

on vacancies with unsaturated bonds, or defects containing large (8-, 9-membered) non-

hexagonal rings.  

In order to further analyze the interaction between graphene and Li atoms, the charge 

density difference plot (Fig. 1g and Fig. S1) and Bader charge have been obtained 

(Table S1). It can be seen that the electron density around Li is depleted upon 

adsorption on graphene, but a large fraction of charge density is still localized close to 

the Li atoms suggesting covalent bonding between Li and C atoms. We note that charge 

transfer is more pronounced in the case of graphene with tetra vacancy in comparison 

with pristine graphene, but the bonding trend cannot be explained by charge transfer 

alone. In any case, it is evident that it is energetically favorable for Li atoms to be 

adsorbed on defects rather than on the pristine graphene.   

 
Fig. 1 (a)-(f) Atomic structures of single-layer graphene (SLG) with one lithium atom 

adsorbed on pristine area, single vacancy, double vacancy (5-8-5), reconstructed double 

vacancy (555-777), reconstructed double vacancy (5555-6-7777), and tetra vacancy. 

The C atoms nearest to Li are highlighted. (g) Formation energies of atomic 

configuration with one Li atom adsorbed on pristine and defective SLG. Charge density 

difference for one Li atom adsorbed on the tetra vacancy is shown. Blue and red regions 

represent charge accumulation and charge depletion, respectively. 

 

We further studied Li agglomeration on graphene by introducing the second Li atoms 

to the system at all inequivalent absorbed sites, while the first Li atom was kept in its 
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most stable configuration. Fig. 2a-f depict the lowest energy structures for two Li atoms 

adsorbed on different vacancies. We found that (1) formation energy increases with the 

concentration of Li on pristine graphene; (2) the presence of defects on graphene 

significantly strengthens the bonding between Li and graphene as compared to the 

pristine system; (3) for larger vacancies, e.g., the tetra vacancy, the Li-graphene 

interaction is enhanced, and the formation energy of -0.66 eV/Li is found. As Li atoms 

donate electrons to the delocalized 𝜋  states of graphene[44], there is no chemical 

bonding between the Li ions. The charge density difference plots (Fig. 2g and Fig. S1) 

demonstrate that electron density is mostly depleted in the area between two Li ions 

and graphene surface, especially in tetra vacancy, which reflects charge transfer into 

bonds with graphene.  

 

 

Fig. 2 (a)-(f) Atomic structures of single-layer graphene (SLG) with two lithium atoms 

adsorbed on pristine area, single vacancy, double vacancy (5-8-5), reconstructed double 

vacancy (555-777), reconstructed double vacancy (5555-6-7777), and tetra vacancy. 

(g) Formation energies of atomic configuration with two Li atoms adsorbed on pristine 

and defective SLG. Charge density difference for two Li atoms adsorbed on the tetra 

vacancy is shown. Blue and red regions represent charge accumulation and charge 

depletion, respectively. 

 

3.1.2. Interaction of Li atoms with bilayer graphene 
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We further studied Li intercalation in the interlayer spacing of bilayer graphene. Upon 

Li intercalation, the interlayer vdW interaction in the bilayer graphene will be perturbed 

due to the hybridization between Li ions and carbon atoms[45]. The lowest energy 

configurations of Li atoms intercalated between AA- and AB-stacked bilayer graphene 

with various types of defects are presented in Fig. 3a-f and Fig. S3. The adsorption of 

Li on pristine graphene, single vacancy, double (5-8-5), (555-777), and (5555-6-7777) 

vacancy, and tetra vacancy corresponds to the formation energy of -0.37, -1.34, -0.78, 

-0.92, -0.79 and -1.04 eV/Li, respectively. The formation energies for those defect-free 

and defective systems with Li intercalating within BLG are lower than those for Li 

adsorbing SLG (Fig. 1) due to the interaction with the other graphene layer. Therefore, 

Li energetically prefers to intercalate between the interlayer spacing rather than absorb 

on graphene surface. When compared to the data for AB-stacked graphene (Fig. S5, 

Fig. S6), our results indicate that Li is more inclined to intercalate within AA-stacked 

BLG than AB-stacked BLG, which is consistent with previous reports [46]. Similar to 

SLG, charge density difference for Li atoms adsorbed on defect-free and defective BLG 

exhibit charge accumulation and depletion zones at BLG and Li atoms, respectively 

(Fig. 3g and Fig. S2). 

 

 

Fig. 3 (a)-(f) Atomic structures of bilayer graphene (BLG) with one lithium atom 

adsorbed on pristine area, single vacancy, double vacancy (5-8-5), reconstructed double 

vacancy (555-777), reconstructed double vacancy (5555-6-7777), and tetra vacancy. 

(g) Formation energies of atomic configurations of one Li atom adsorbed on pristine 
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and defective BLG. Charge density difference for one Li atom adsorbed on the tetra 

vacancy is shown. Blue and red regions represent charge accumulation and charge 

depletion, respectively.  

 

Formation energies of atomic configurations involving two Li atoms adsorbed on AA-

stacked BLG were to evaluated to assess the tendency of Li atoms towards clustering 

between the layers. The most stable configurations of defect-free, single vacancy, 

double vacancy (5-8-5), double vacancy (555-777), double vacancy (5555-6-7777), and 

tetra vacancy are depicted in Fig. 4a-f, with the corresponding formation energies of -

0.27, -0.81, -0.71, -0.85, -0.76 and -0.97 eV/atom, respectively. The strong interactions 

between Li and tetra vacancy can be associated with the substantial charge transfer, as 

evident from Fig. 4-f. Similar to the behavior of a single Li atom, there is a large charge 

depletion region around Li atoms for all types of the considered defects, which indicates 

strong charge transfer between Li atoms and graphene layers (Fig. S2). 

 

 
Fig. 4 (a)-(f) Atomic structures of bilayer graphene (BLG) with two lithium atoms 

adsorbed on pristine area, single vacancy, double vacancy (5-8-5), reconstructed double 

vacancy (555-777), reconstructed double vacancy (5555-6-7777), and tetra vacancy. 

(g) Formation energies of atomic configurations of two Li atoms adsorbed on pristine 

and defective BLG. Charge density difference for two Li atoms adsorbed on the tetra 

vacancy is shown. Blue and red regions represent charge accumulation and charge 

depletion, respectively.  
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3.1.3. Comparison of the energetics of Li interaction into single and bilayer 

graphene  

Aiming at understanding the role of structural defects in agglomeration of Li atoms, we 

compared the stability of the atomic configuration involving Li atoms absorbed at 

defect sites of graphene with those separated over defect and pristine areas (Fig. 5a). 

The increase in Li coverage results in less favorable Li adsorption on pristine graphene 

due to increasing the Coulomb repulsion between the positively charged Li ions. In 

contrast, the difference in formation energy for graphene with defects shows negative 

value indicating that increasing Li atom concentration causes Li adsorption to be 

energetically favorable on defects (with Li atoms already present) rather than in the 

pristine area (Fig. 5b). This is also evident from shorter Li-Li distances on defective 

graphene (3.08-3.89 Å) in comparison to the corresponding value for the pristine 

graphene (4.33 Å). The formation energy difference decreases with the size of the 

defect following the sequence of ∆𝐸!	 (tetra vacancy) <∆𝐸!(5555 − 6 − 7777) <  

∆𝐸!(555 − 777)  < ∆𝐸!(5 − 8 − 5)  < ∆𝐸!	(single vacancy) < ∆𝐸!	(pristine). These 

results suggest that Li atoms tend to aggregate on defects (especially larger defects) in 

graphene. Similar to SLG, ∆𝐸! becomes more positive with inserting more Li atoms 

into pristine bi-layer graphene, while the energy penalty decreases in the presence of 

defects suggesting that Li nucleation is likely to be at the defect sites (Fig. 5c). As the 

number of adsorbed Li atoms increases, the dangling bonds at the defective graphene 

are gradually saturated and hence the formation energies approach the values of pristine 

graphene for an infinite number of Li atoms (Fig. S7). 
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Fig. 5 (a) Schematic representation of Li atoms adsorbed on graphene with and without 

defects. (b) The difference in the formation energy of Li-defect configurations between 

single-layer and (c) bilayer graphene with various types of defects. 

 

 
Fig. 6 Structural evolution of Li clusters for different interlayer distances of bilayer 

graphene. The defective areas in graphene are highlighted. 

 

The creation of Li dendrites on graphene layer has already been experimentally and 

theoretically investigated[26, 47, 48]. However, the nucleation of Li clusters between 

bilayer graphene has not yet been addressed. Here, we studied the energetics of small 
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Li clusters (6 atoms) intercalated between two graphene sheets with different interlayer 

spacing (Fig. 6). We note that the spacing may be affected by other Li clusters already 

formed or by impurities or hydrocarbon molecules, which are inevitably present in the 

experiments. The formation energy initially goes up with interlayer distance (dinterlayer) 

up to a maximum (less favorable) value and then decreases for dinterlayer > 5.1 Å. As 

evident from the figure, an energy barrier of about 0.4 eV for the clustering of Li atoms 

exist. From the structural point of view, increasing the distance leads to a distortion of 

the planar Li cluster where the middle Li atom next to the defect moves upwards. By 

further increasing the spacing, more Li atoms agglomerate around the defect, and 

formation of Li clusters is energetically preferred over plane configuration. It should be 

noted that the concentration of Li ions has a significant impact on Li nucleation 

barrier[26]. In small Li clusters (consisting of a few atoms), there are no low-energy 

facets corresponding to well-defined crystal surfaces which normally exist in large 

metal particles. As a result, even a slight change in cluster configuration leads to a 

considerable energy variation and consequently different nucleation barriers. In larger 

clusters, however, the surface energy plays a major role and the energetics of cluster 

geometries do not significantly change by variation of Li atoms. Therefore, one can 

expect that the transition barrier is further reduced for larger Li clusters during 

excessive Li intercalation into the interlayer space. To this end, the presence of defects 

combined with weak interlayer interactions can facilitate the agglomeration of lithium 

crystals between bilayer graphene. 

We note that these results are not strict, as there are many possible atomic 

configurations for Li clusters. Our main goal here is to provide a qualitative discussion 

of how multi-layer structures can appear. As mentioned above, either for pristine or 

defective graphene, the commensurate (√3×√3 )R30° configuration has the lowest 

formation energy. We have tried different initial configurations for each interlayer 

distances starting from the interatomic Li distances in the FCC lithium structure and 

the most stable structures were shown in Fig. 6. It is possible that the reported 

geometries do not represent the lowest energy configurations for these clusters; 

nevertheless, given the inherent polymorphism of few-atom metal clusters, their 
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energies are quite close to them. We also note that an increase in the interlayer 

separation between graphene sheets (due to thermal fluctuations or other reasons) 

should facilitate the formation of multi-layer Li structures. 

 

3.2 Atomic structure of the interface between q-2D Li crystals and graphene 

3.2.1 Atomic structure of the interface between (111) FCC Li crystal and pristine 

graphene 

In light of the recent studies[24] where q-2D Li crystals were observed in BLG, it is 

also important to understand the atomic structure of the interface between Li crystals 

with pristine and defective graphene. The calculated interlayer binding energy of 

graphene on (111) facet of Li is ~37 meV/Å2, somewhat lower than in pure vdW 

system[49], pointing to a small contribution of ionic bonding due to charge transfer, as 

also discussed previously[35]. Fig. 7 shows the atomic structure of the graphene-Li 

interface where atoms are colored according to their z-coordinates (different scales for 

Li and C atoms). The graphene layer exhibits slight bucking due to the different match 

and thus different interaction between the atoms in different areas of the moiré pattern 

at the interface. Similar development of the moiré pattern has been reported for 

graphene on many FCC metal substrates including Rh (111), Ir(111) and Ru(0001) [50-

52]. Three regions in the moiré pattern can be identified depending on the positions of 

carbon atoms with respect to the Li atoms underneath, Fig. 8a: (1) TOP region: the 

center of the C hexagon located on top of a Li atom. (2) FCC region: a Li atom from 

the third Li layer is located below the middle of the C hexagon. (3) HCP region: center 

of C hexagon is above a Li atom in the second layer. In the TOP-region, three C atoms 

of one graphene hexagon are found in a fcc site (TOP-fcc) and three in a hcp site (TOP-

hcp). Similarly, other positions in FCC and HCP regions can be specified. 
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Fig. 7 Atomic structure of the interface between Li FCC crystal and graphene sheet. Li 

atoms are shown as large balls. Atoms are colored according to their z coordinate, red 

(high) to blue (low). The development of the moiré pattern is evident. 

 

3.2.2 Formation energy of various defects at the graphene/Li (111) interface 

Having studied the interface between the pristine graphene and (111) surface of FCC 

Li, we moved on to the defective graphene. In total, six representative configurations 

of graphene with single vacancies facing Li (111) surface were considered. A 

significant variation in the formation energy was found for different positions of defects 

in the supercell, as evident from Fig. 8b-g. Single vacancies prefer to be exactly on top 

of a Li atom. The optimum positions of single vacancies in three different regions lead 

to lower formation energy in FCC and HCP regions, as compared to the TOP region 

(Fig. 8b-g). This can be attributed to energy release due to stronger interaction between 

carbon atoms with dangling bonds and Li atoms underneath (Fig. 8). The top site in the 

FCC region (Fig. 8b), is the most stable configuration in all considered vacancy sites. 

The formation energy of C vacancy in the TOP regions is higher, as there is no match 

between the underlying Li and the C atoms with dangling bonds. The formation 

energies of vacancies, with the values about 5 eV, are notably lower than those in the 

free-standing graphene (~7.4 eV) [41]. In addition to single vacancies, double and tetra 

vacancies at the graphene-Li interface were considered (Fig. S8).  The formation energy 

of double vacancy (555-777) was found to be lower than single vacancies indicating 

stronger interaction between Li surface with undercoordinated C atoms in larger 

defects. Similar trends in vacancy formation energies have previously been reported for 

graphene on other FCC metals, e.g., iridium[53]. The binding between Li with vacancy 
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defects in graphene was further studied by analyzing the electronic density of states 

(DOS) close to the Fermi level (Fig. S9). The presence of the defects increases the 

electron density above the Fermi level (energy interval from 0 to 0.1 eV). This 

corresponds to the hybridization between unfilled s valence orbital of metal atoms[54] 

and defect-associated states in graphene. As for larger defects (with more delocalized 

states) and more metal atoms, the C-Li hybridization may be extended in the energy 

window as shown before in Ref 54. 

 

Fig. 8 Atomic structures of the interface graphene and (111) surface of FCC Li crystals. 

(a) Defect-free graphene/Li (111) interface. Regions of high symmetry (HCP, FCC, 

TOP region) are depicted by large yellow circles. The sites of selected individual carbon 

atoms are indicated by colored small circles. Li atoms are colored according to their 

elevation. (b−g) Top and side views of a single vacancies in different areas of the moiré 

pattern. Formation energies of vacancies are also presented.  

 

As the drop in vacancy formation energies is associated with the strong interaction 

between vacancies and Li atoms in the crystal, which gives rise to lower vacancy 

formation energies (about 2.5 eV lower than for the free-standing graphene), one can 

conclude that q-2D Li crystallites must be strongly bound to graphene vacancies. One 
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can arrive at the same conclusion if the binding energy of the crystallite to graphene 

with and without vacancy is calculated: with vacancy the binding energy decreases by 

about 1 eV. Thus, a Li crystallite, if nucleated, should remain attached to the defect in 

graphene.  

 

3.3. Interaction of graphene edge with Li cluster 

It is known that vacancies in graphene can agglomerate into vacancy clusters (or holes), 

as the number of dangling bonds per missing atom is reduced. We investigated the 

interaction of Li atoms with large vacancy clusters in graphene using a simple ribbon 

model assuming that the atomic structure of the edge is the same as in the hole (zigzag 

edge, which has lower formation energy than armchair edge[55]. As demonstrated in 

the previous experimental studies, the presence of graphene edges changes the 

crystallinity and image contrast of Li crystals intercalated between bilayer 

graphene[18]. Computations have shown that the interactions between Li atoms and 

graphene nanoribbons (GNRs) depend on the edge geometry suggesting that the 

adsorption of Li atoms on zigzag GNRs is more favorable than on armchair GNRs due 

to electronic states localized at the zigzag edges[56]. Accordingly, in the present study 

we focused on Li adsorption on zigzag GNRs. The number of Li atoms adsorbed on the 

edge varied from 1 to 7. In contrast to vacancies, which are too small to accommodate 

Li atoms, Li adsorption takes place preferentially in the graphene plane with the exact 

position of Li atom being between two carbon atoms at the zigzag edge (Fig. 9). The 

formation energy of a configuration with single Li atom on the edge is -1.80 eV, which 

is lower than for pristine graphene and vacancies. The formation energy per atom 

increases with the number of Li atoms, implying the repulsive interaction between Li 

atoms on the edge. To understand how Li atoms agglomerate at the edges, we compared 

the energetics of a 2D Li cluster with the energy of the same number of adsorbed at 

graphene edge and forming a chain (Fig. 9-e). The formation energy of the Li chain (-

1.48 eV/atom) is lower than that of the cluster (Fig. 9-f, -0.51 eV/atom) due to the 

stronger interaction of Li atoms with carbon atoms at the edge in comparison with the 

binding energies between Li atoms in the cluster. The large energy gain through the Li 
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adsorption on graphene edge is in agreement with the experimental observations[57-

59] that limited spacing between graphene sheets prevents the growth of compact 3D 

Li structures. Our results indicate that the edges of large holes in graphene can easily 

pick up Li atoms, but once the edges are fully lithiated, adsorption on vacancies in 

graphene should become preferable over cluster growth. For the same number of Li 

atoms, the formation energy is lowest when Li is adsorbed at the edge of graphene and 

form the chain, which is followed by when Li is adsorbed by small vacancies, and 

finally when Li atoms form a cluster (see Table S2). 

 

Fig. 9 Schematic representations for Li atoms (nLi=1, 2, 3, 4, 7) adsorbed on graphene 

edge. The green and gray colored balls represent Li and carbon atoms, respectively.  

 

3.4. Impurities in Li crystals intercalated into bilayer graphene 

TEM in-situ experiments[18] of lithiation and delithiation of BLG indicated that 

impurity atoms are present in the system strongly affecting the delithiation process so 

that not all Li atoms are removed and amorphous Li structures (most likely oxides) 

remain inside BLG. The positions of the impurity atoms were found to match Li atom 

columns, but it was not clear, though, if they are at the interface between graphene and 

Li, or inside the crystal. Based on the stronger contrast and electron energy-loss 

spectroscopy data, it was concluded that these are likely oxygen atoms, although the 

presence of other atomic species which can strongly interact with Li (nitrogen, fluorene, 
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sulfur) could not fully be excluded. These observations may shed light on the reduction 

of the Li battery capacity after cycles, so that it is important to understand the behavior 

of impurities in Li crystals. 

We simulated O, N, F, and S impurities in the BLG-Li system (Fig. 10), the latter being 

represented by three layers of Li atoms. The impurity atom was initially placed between 

graphene and Li crystal and the structure was fully optimized. We found all the impurity 

atoms go without any potential barrier into the sub-surface area of the crystal, and take 

the octahedral interstitial position there, so that they are indeed in Li atom columns. 

Similar behavior has been reported for C atoms on the (111) copper surface[60]. The 

position of N impurity is shown in Fig. 10a,c. It is essentially the same for all the 

elements we considered, although it was slightly distorted for S impurity.  

 
Fig. 10 Nitrogen atom in the octahedral interstitial position in the FCC q-2D Li 

crystallite consisting of three Li layers between graphene sheets, side (a) and top (c) 

views. Octahedral interstitials (N, O, F, S) in the bulk Li crystal, side (b) and top (d) 

views. 
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As interstitials in FCC metals can also take tetrahedral and substitutional positions[61], 

which could also coincide with the atom columns, we further assessed the energetics of 

tetra/octa interstitials and impurities by evaluating the energy released when an isolated 

impurity atom is inserted into the crystal as intestinal:  

𝐸!'.-)+ = 𝐸,/01$'2*3+'-4 − [𝐸,/01 +	𝐸	'2*3+'-4]                      (4) 

or substitutional impurity atom:             

𝐸!,31,- = 𝐸,/01$'2*3+-4 + 𝜇6' − [𝐸,/01 +	𝐸	'2*3+'-4]                                    (5)   

Here 𝐸,/01	and 𝐸,/01$'2*3+-4  represent the total energy of Li slab without and with 

impurity, respectively. 𝐸'2*3+'-4  is the energy of an isolated impurity atom and 𝜇6' 

indicates the chemical potential of Li in the bulk elemental (FCC) phase. 

We could not stabilize the tetrahedral interstitials in the tri-layer system as they 

converted to the octa configurations. Thus, keeping in mind that Li crystals in BLG 

observed in the experiments consisted up to 9 layers, we also calculated the formation 

energies of the defects for bulk crystals modelled as a slab composed from 576 Li 

atoms. The results of calculations are presented in Table 1. It is evident that the 

interstitials in the octahedral configurations are always energetically favorable, and that 

the interaction of the impurity atoms with Li is very strong, so that stable neutral 

impurity-Li complexes can be formed and remain between graphene sheets upon de-

lithiation. The same conclusion can be drawn from the comparison of the energetics of 

Li atoms when in the infinite Li crystal and in LixO (x=1, 2, 3, 4) molecules, Table S3. 

It is evident that it is energetically more favorable for a Li atom to form a LixO molecule 

than to be in the crystal, which should affect the de-lithiation process.   

Table 1. Formation energies (in eV) of interstitial atoms in the bulk FCC Li crystal and 

tri-layer Li between graphene sheets. *For S, the octahedral configuration in the tri-

layer Li crystal between graphene sheets was slightly distorted.  

  N O F S 

octa -6.47 -8.69 -6.73 -6.17 

tetra -5.13 -7.63 -6.60 -5.50 
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subs -5.51 -8.18 -5.36 -5.94 

3L+GR, octa -6.49 -8.79 -6.85 -6.70* 

 

4. Conclusions 

We have investigated the interaction of Li atoms with pristine and defective single layer 

and bilayer graphene using first-principles calculations and showed that they prefer to 

adsorb on point defects in graphene and graphene edges. We also systematically studied 

the atomic structure of the interface between the q-2D FCC Li crystals with vacancy-

type defects in graphene and showed that not only isolated atoms, but also q-2D Li 

crystals encapsulated between graphene sheets are strongly bound to the defects. These 

findings explain the experimental observations of the predominant nucleation and 

growth of q-2D FCC Li crystals at defects in BLG. We further demonstrated that a 

moiré pattern is present at the graphene/Li interface, and the formation energy of 

vacancies in graphene depends on their location in the moiré pattern. The moiré pattern 

can potentially be revealed in scanning tunneling probe microscopy experiments on 

lithiated BLG on substrates. We also studied the behavior of impurity atoms most likely 

to be found in the encapsulated Li crystals, such as O, N, S and F. Our calculations 

indicate that all impurity atoms take octahedral interstitial positions in Li crystals, but 

not between graphene and Li. They strongly interact with atoms in Li crystals, thus 

impeding the de-lithiation process. Although our theoretical work is primarily focused 

on the fundamental aspects of the behavior of Li inside bilayer graphene, our findings 

can help rationalize the results of in-situ TEM experiments and shed light on the role 

of impurities in the degradation of anode materials during Li-ion battery operation. 
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