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Abstract

The increasing demand for high energy density lithium ion batteries motivates a
search for alternative electrode materials. Experimentally obtained graphene-based
structures have been suggested to replace the state-of-the-art graphitic anode. For a
thorough characterization of Li adsorption on graphene, we study the interaction of
Li with graphene both at zero and finite temperatures. The zero temperature study
was carried out by means of density functional theory (DFT) accounting for van der
Waals (vdW) interactions while the finite temperature behavior was studied by Monte
Carlo techniques with a DFT-derived Li-graphene interaction potential constructed via
cluster expansion method. Our calculations reveal two distinct types of orderings of
Li on graphene, Li-gas (dispersed Li-ion) and Li-cluster phases. The zero tempera-
ture calculations show that, even when vdW is included, the Li-graphene interaction is
mainly electrostatic and phase separation to pristine graphene and bulk Li is energet-
ically most favorable. At non-zero temperatures though, entropy contribution to free
energy allows the lesser-ordered Li-gas and Li-cluster states to be more favorable at
sufficiently low concentrations: At temperatures below 400 K and concentrations below
1Li:6C Li-gas and Li-cluster phases co-exist, while at higher concentrations only clus-
ters remain stable. At temperatures above 400 K Li-gas phase can be stabilized with
respect to Li-cluster or Li bulk at higher concentrations. Furthermore, small variations
in chemical potential are shown to be enough to change that concentration threshold.
Finally we show that the Li-cluster phases can have Li-island or Li-stripes ordering;
however Li-stripes appear due to the finite size of the simulation cell and therefore, the

Li-island phase is expected to dominate in the thermodynamic limit instead.



1. INTRODUCTION

The need for high energy-density Lithium ion battery (LIB) technology is increasing with the
increasing demand for portable electronic devices and electric vehicles. While alternatives
are being developed, graphite has long been the typical negative electrode used in LIBs.t™
During charging, the Li™ ions intercalate between the layers of graphite in a ratio of 1Li:6C,%
corresponding to a theoretical specific capacity of 372mAh/g. Graphene, the single layer of
carbon atoms in graphite,” is also suggested as potential Li host by itself® due to doubling
of the surface accessible for Li adsorption. However, Pollak et al.” presented experimental
evidence that Li capacity of a single-layer graphene is less than that of graphite due to strong
Coulomb repulsion between Li ions on either side of the graphene layer. Nevertheless, exper-
imental studies on non-graphitic arrangements of graphene have reported high Li-capacity
in the 540-1500mAh /g range,®®1% surpassing the graphite anode. These experimental ob-
servations suggest an apparent discrepancy where the building block, graphene, fails to host
significant amount of Li ions while graphene-based materials can be very promising anode
materials, despite a major amount of single-layer graphene presence within them.

Several theoretical studies based on Density Functional Theory (DFT)%4l attempted to
elucidate the nature of high Li adsorption on graphene-based systems: Lee and Persson?
showed that Li cannot reside on the surface of a defect-free single layer graphene in equilib-
rium with bulk Li metal and Li capacity would be lower than that of graphite. Li adsorption

LB and edgest®™¥ have also been investigated and the

on graphene with defects, vacancies
results revealed that the binding energy of Li decreases rapidly as its position moves away
from the vicinity of the edges and defects, meaning that defects alone would provide a rel-
atively small, local enhancement to adsorption. Hydrogen passivation of defects results in
positive binding energy®® with respect to bulk Li, similar to that of defect-free graphene,
making the capacity of H-passivated defective graphene inferior to that of graphite. There-

fore these theoretical studies do not provide a satisfactory explanation for the experimental

observation of high Li uptake of graphene-based systems. It is important to note that these



works explore single, dilute Li ion adsorption configurations. Studies on compact Li clusters
show instead that the energetic stability of Li clusters on graphene increases with the cluster

L2l suggesting that the formation of compact Li clusters could explain the reported

size
high Li uptake by graphene materials. However, the possibility of high Li uptake due to
formation of Li clusters is not necessarily desired since a continuous growth of clusters on
the anode may result in reduced battery efficiency and compromise safety of the battery.
Therefore the desired mechanism for high Li uptake is a dispersed configuration rather than
clustering, especially if cluster growth is thermodynamically favored. Noting that the the-
oretical calculations mentioned so far were done at zero temperature while LIBs operate at
room temperature or above, it is important to investigate whether thermal effects may favor
dispersed Li configurations or may stabilize small cluster sizes.

Thermal effects on the adsorption of Li clusters on graphene were previously estimated in
Refs. 20/and 21/ by choosing a random configuration as a reference, approximating the entropy
through it, and by neglecting the configurational entropy of the clusters. In these studies, the
formation of Li clusters was found to be stable against random distribution of Li ions for high
concentration (1Li:6C) at 300 and 500 K; while at low concentrations (1Li:72C and lower) a

1.2V estimated nucleation barriers

disperse configuration was favored. Furthermore, Liu et a
as high as approximately 15eV for a cluster to form in dilute configurations (1Li:162C),
suggesting that thermal effects may indeed stabilize disperse configurations. However these
findings rest on a heavily approximated description of entropy, which is particularly critical
in understanding the thermal effects.

In this work we systematically study Li adsorption on graphene in a wide range of con-
centrations and temperatures, using Monte Carlo simulations to accurately describe the con-
figurational entropy. The paper is organized as follows: in A, the computational
details used for the zero temperature studies are presented, while the methods employed

for finite temperature studies, the cluster expansion methods, the Monte Carlo techniques

and thermodynamic integration, are presented in B, C and D respectively. The



results of the zero temperature studies are presented and discussed in A. The
finite temperature results are discussed in B, C and D. Finally, we present our

conclusions.

2. COMPUTATIONAL METHODS

2A. Zero temperature properties

We examined Li adsorption on graphene at zero temperature by means of Density Functional
Theory (DFT)“*** within the planewave-Projector Augmented Wave (PAW) “* framework
using the Quantum ESPRESSO package.”*?® The PAW pseudopotentials were generated
from the pslibrary.1.0.0.“” Kinetic-energy cutoffs of 125Ry and 500 Ry were used in the
expansion of wavefunctions and charge density respectively. With these parameters, a total
energy convergence of 0.1 mRy/atom was achieved. The revised Vydrov and van Voorhis
(rVV10)4## exchange-correlation functional was used to account for non-local van der Waals
interactions. For comparison, we also performed calculations using generalized gradient
approximation in the Perdew-Burke-Ernzerhof (PBE) parametrization.®? The total energy
calculations of Li-graphene were done in graphene supercells with dimensions ranging from
2x2 to 8x8 primitive cells. Brillouin zone was sampled uniformly according to the Monkhorst-
Pack® procedure with Methfessel-Paxton®# smearing of 0.02 Ry. A 30x30x1 mesh centered
around gamma point was found to be sufficient for 0.1 mRy per atom convergence of total
energy of graphene primitive unit cell. Calculations with different supercells were done
conserving this sampling density.

The in-plane lattice parameters of pristine graphene were fully optimized while the spac-

ing between periodic replicas along the perpendicular direction was fixed at 20 A, at which

the effect of periodic replicas are shown to be negligible (see [Supporting Information Avail-|

able). In each configuration, all internal coordinates were relaxed until force components

were reduced below 0.1 mRy/Bohr. The optimized lattice parameter of graphene with



rVV10 functional is 2.470 A (2.466 A with PBE), in good agreement with previous DFT
calculations of 2.463 A, 2.45 A 16 9 47 A B3 2 46 A B4 as well as the experimental in-plane
lattice parameter of graphite 2.459 A 535

The stability of Li upon adsorption on graphene was investigated by measuring the

adsorption energy per Li ion, F,4, with respect to bulk Li:

_ E(n) - En=0)—nkEgL

(1)

where FE(n) is the calculated total energy of the Lithium-adsorbed graphene of a given
supercell size, E(n = 0) is the pristine graphene of same supercell size and Ep; is the energy
per atom in bulk Li in the body centred cubic (bcc) phase. When indicated as such, we
also report adsorption energy with respect to the isolated Li atom in vacuum for comparison
with literature. The energy difference between Li in vacuum and bulk is the cohesive energy

which is calculated as 1.586 eV for rVV10 and 1.561 €V for PBE.

2B. Cluster expansion methods

In order to carry out an exhaustive sampling of the phase space at finite temperature,
we construct a computationally affordable description for the configurational energy using
cluster expansion (CE) method: We map the Li adsorption on graphene into a lattice model
and describe the energy of a given configuration of Li-graphene system as a generalized Ising-
like interaction energy. To simplify the model, we restrict Li adsorption geometry to 2D and
the adsorption site to the hollow site (the hexagon centers), H of graphene. Occupation
of other sites (the top of a carbon, T and the bridge, B, sites) and 3D Li configurations
are beyond the scope of this work. Such a 2D model is compatible with experimental
observations in which limited spacing between graphene sheets is found to prevent compact
3D Li growth. 0=

In this model, a Li occupation number ¢; is assigned to each site i (¢; = 0 if site i is empty



and ¢; = 1 if site ¢ is occupied by a Li atom, equivalent to the more common convention
where spin-like variables o; = +1 are used) and a configuration is defined as Cy = {¢;},
with 7 = 1,..., N for N lattice sites. The configurational energy Ecg is then written as a
linear combination of correlation functions I1;(Cy) with each function describing a figure f
(a cluster of lattice points), the corresponding coefficient in the linear expansion J; being

called the effective cluster interaction (ECI):"*

ECE(CN) :ZJfo(CN) :ZJfHCi' (2)
!

f ief

In a lattice with N sites, there are 2V figures: N 1-body figures, (];7) 2-body figures, (1;7)
3-body figures etc. Therefore, the expansion in Eq. [2/ has 2 ECI’s, one for each figure, re-
quiring in principle 2%V total energy calculations to determine all the ECI’s and construct an
accurate CE model. Exploiting crystal symmetries (translational and rotational) and physi-
cal arguments of locality of the interaction (short-distance compact figures are expected to be
more important than more-distant or dispersed ones) the number of figures to be included
in the energy expansion can be constrained, leading to a limited number of independent
parameters, thus requiring only a small number of total energy calculations as reference.

In this work, we include the compact figures up to 4-body (see Fig. : on-site term
(figure 1), 2-body first, second and third nearest-neighbor terms up to a 2a distance, where
ap is the lattice constant of graphene, (figures 2a,2b and 2¢), a 3-body and a 4-body term
(figures 3 and 4, respectively). In addition to these, for two body interactions beyond 2ay,
we include an effective electrostatic dipole-dipole term in the energy description. This term
is set to decay with the third power of Li-Li distance, truncated for simplicity at 20ay. The

final expansion for the total configuration energy is written as follows:
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Figure 1: Figures included in the cluster expansion: (1) the on-site, (2) the 2-body figures
between (2a) first nearest neighbors, (2b) second nearest neighbors, and (2¢) third nearest
neighbors, (3) the most compact 3-body figure, (4) the most compact 4-body figure.
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We use two parameters, J;g and «, to model the effective electrostatic interaction figures.
While Jy; is the same for all sites, a parameter is used to distinguish the electrostatic

interaction strength in the case of the isolated atom and the clusters:

1 i NN; =0
;= (4)

v it NN; >0
where v is an adimensional scalar parameter and N N; is the number of occupied nearest
neighbors to site ¢. This electrostatic description of the model is motivated by the electro-
static behavior of Li-graphene interactions analyzed in A.
The interaction energy given by equation [3|is then fitted to DFT adsorption energies to
obtain all the eight parameters of the model. A total of 25 fully relaxed configurations were
used for the fitting. These configurations covered a variety of Li ion environments from single

Li adatom to small cluster cases. See Supplementary material for a detailed description of



these configurations and the fitting procedure.

2C. Grand-canonical Monte Carlo

The finite temperature behaviour of Li interactions with graphene was investigated via
Grand-Canonical Monte Carlo (GCMC) simulations which allow to compute the thermo-
dynamic properties of the system at any given chemical potential, u, and temperature, 7'
The GCMC results in this work were obtained with a 20x20 simulation cell of graphene
containing 800 carbon atoms and 400 H-sites, while finite size effects were explored on a
25x25 cell.

The configuration space is sampled as follows: i) an adsorption site is selected at random;
it) an attempt to reverse its state is performed, i.e. adding a Li to the site if empty or

removing it if occupied; i) the proposed move is accepted according to Metropolis®®

rule with probability min[l, exp(—S(AE — pAN))], with 8 = 1/(kgT), AE = Eey — Eoa,
AN = Nyew — Noa, and Eoew, Fold, Npew, Noa are the configurational energies and number
of adsorbed Li atoms of the new and the old configurations, respectively. Each attempt to
add (delete) a Li to (from) a randomly selected site is considered a Monte Carlo step.

The temperature-chemical potential plane was explored with a series of unidimensional
scans. Chemical potential scans were done between -0.2 and 0.2eV at intervals of 10 meV
while temperature scans were carried out between 400 and 4000 K at intervals of 50 K. In each
scan, simulations were performed in sequence so that each simulation started from the final
configuration of the preceding one. Thus, 1.5 million Monte Carlo equilibration steps were
enough to equilibrate the system at each chemical potential /temperature pair. Statistics
were then accumulated over 2 millions steps and used for the evaluation of the averages.
When the the simulation approached a phase transition, Li concentration, x = (), ¢;) /N, is
observed to display sudden jumps and caused large uncertainties in the statistical averages
calculated.

A few exploratory chemical potential scans at intermediate temperatures allowed us to



identify the relevant phase transitions of the system and the corresponding chemical poten-
tial ranges by monitoring discontinuities in Li concentration. Then we performed a careful
chemical potential scan at very high temperature (4000 K) where all the phases are con-
nected and no concentration discontinuity is observed. Subsequently, we perform temper-
ature (annealing) scans at a number of fixed chemical potentials, which give us access to
initial configurations for further chemical-potential scans for the different phases at various
temperatures. In this way each (i, T') state of a phase can be connected to any other (x/, T")
state of another phase through a path in ;1 — 7" plane without discontinuous jumps of the rel-
evant conjugate thermodynamical quantities, i.e. concentration and internal configurational
energy. This allows us to compute the free energy of each phase on a common energy scale

and compare their relative stability through thermodynamic integration.

2D. Thermodynamic integration

The total differential of the grand potential per site, ®(u, ) can be used to obtain the
following relation:
(E)

i) = (5~ ) a5 - 5 dn 5)

where [ is the inverse temperature 1/kgT.
At constant temperature, the integration of Eq. [5| from a reference chemical potential py
to a desired chemical potential y, gives the grand potential per site ®(u, 3) relative to the

reference value, ®(uo, ), as:

o
B, 5) = B0, 0) — [ w . (6)

©o
This expression is valid provided the chemical potential interval (ug,u) spans a single

phase and the resulting © — = mapping is invertible. The Helmholtz free energy per site of

the phase under examination can then be obtained from the Legendre transform
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Fi ure 2: Thermodynamic integration: The free energy difference between phase 1 in a
(,uo ,T) and phase 2 in d (ué ),T) can be obtained using integration along the a — b —
c — d path.

F(a, 8) = min {®(u, ) + o} = D(p(2), B) + u(w)e. (7)

In order to compare the Helmholtz free energy of two phases at a given temperature, the
difference between the reference grand potential values of the two phases, ®( ,u(()l’Q), f), must be
determined. This can be achieved by thermodynamic integration on the path schematically
illustrated in Fig. [2| that connects phase space point a to d. Point a corresponds to the
reference point (u((]l),ﬁ) of phase 1, and point d corresponds to the reference point (qu),B) of
phase 2. Integration of equation [5] over a smooth path without discontinuity is ensured by

moving along the path a - b — ¢ — d:

Bo
BADID(B) = / (@—ugf) a:) dg
B
@)

Ho
- Bo /(1) z dp
Ho

(R

where A®(12)(3) = @(uéz), p)— (I)(No , B) is the free energy difference at inverse temperature

B between phase 1 at chemical potentials ,uol and phase 2 at chemical potentials #0 ) and the
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auxiliary inverse temperature 3y = 1/(kgTp) is such that both the average energy, (F), and
and the Li concentration, x, vary continuously along the path connecting the two phases.

We found Tj = 4000 K to be sufficient for this purpose.

3. RESULTS AND DISCUSSION

3A. Li adsorption at zero temperature

We start by analyzing the energetic stability of the three main binding sites of graphene,
namely the top (T), the bridge (B) and the hollow (H) sites (see Fig. [3)). The results in

- - -

Figure 3: Lithium binding sites on graphene are commonly named as hollow (H), top (T)
and bridge (B) sites. The black lines indicate the primitive unit cell of graphene.

Table [1| shows that Li atom binds preferably to the H site, in agreement with previous DFT
calculations. 1163340 The energy difference, AFE,; between H site and that of B and T is
beyond a few multiples of kgT at room temperature, and gets significantly higher at lower
concentrations. Therefore at concentrations corresponding to 1Li:8C (single Li atom in a
2x2 supercell) and lower, Li atoms would be expected to occupy mainly the H site. We limit
our investigations to Li adsorption on the H site in the rest of the discussion.

We then investigate the energetic stability of small Li-clusters as a function of supercell

12



Table 1: The adsorption energy of Li at the hollow site of graphene, F,;, calcu-
lated with respect to bulk Li in bcc phase (values referenced to isolated Li atom
are given in parenthesis). AF,, is the adsorption energy difference for bridge
and top sites with respect to the hollow site. All energy values are in eV.

cell size Eud AE(B) AE(T)
PBE
2x2 0.712 (-0.849) 0.159 0.167
3x3 0.646 (-0.915) 0.310 0.327
4x4 0.468 (-1.093) 0.317 0.339
6x6 0.301 (-1.260) 0.294 0.316
X7 0.270 (-1.291) 0.286 0.310
9x9 0.227 (-1.334) 0.283 0.305
rvV10
2x2 0.625 (-0.961) 0.134 0.142
3x3 0.652 (-0.934) 0.241 0.256
4x4 0.485 (-1.101) 0.294 0.314
6x6 0.328 (-1.258) 0.267 0.288
=7 0.290 (-1.296) 0.268 0.289
9x9 0.253 (-1.333) 0.257 0.280
Literature
PBE40
2x2 - (-0.925) - 0.177
3x3 - (-1.025) - 0.341
PBE#
4x4 - (-1.096) 0.322 0.342
PBE*

6x6  0.315 (-1.290)  0.285 0.308

77 0.298 (-1.308)  0.301 0.320

9x9  0.190 (-1.416)  0.356 0.376
LSDAM

x4 - (-1.567)  0.327 0.376

size (see Fig. . For all the concentrations considered, the adsorption energy calculated
with respect to bulk Li is positive, which suggests that Li may not reside on the surface of
a defect-free single layer graphene in equilibrium with Li-metal, which is in agreement with
previous DFT calculations.™ The stability of bulk Li can explain why the adsorption energy
per atom decreases as the clusters get larger for a fixed cell size, while a qualitative difference
between single adatom and cluster behavior can be observed.

For single Li adatom case, the general trend of the adsorption energy at different binding
sites is the same for r'VV10 and PBE functionals (see Table [1)). Similarly, both functionals

capture the correlation with cell size qualitatively the same way. The most significant differ-
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Figure 4: Adsorption energy of Li on graphene as a function of graphene cell size with (a)
PBE and (b) rVV10 functionals, referenced to bulk Li in the bee phase. 1Li is the Li adatom
on the corresponding supercell. 2Li, 3Li, 4Li(2D) and 4Li(3D) represent Li clusters, namely
Li-dimer, Li-trimer, planar Li-tetramer and pyramidal Li-tetramer respectively.

ence between functionals is observed in the Li cluster configurations where rVV10 functional
results in significantly lower (less positive) binding energies. Comparing our results with the
single adatom binding energy analysis of var der Waals (vdW) functionals in Ref. 42, where
a variation of about 100 meV /Li was observed depending on the vdW treatment, it can be
argued that details of how vdW interaction is treated are important for Li-graphene systems
at all length scales. This is likely a combined effect of the use of different vdW schemes
and the practice of adjusting the overall exchange and correlation description when using
vdW-aware functionals.

When fixed concentration is considered, the lower binding energy with rVV10 favors the
formation of Li clusters over homogeneous distribution of Li adatoms. For instance, the

adsorption energy of Li adatom in a 2x2, 3x3, 4x4 supercells are higher than that of Li-
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clusters with four atoms in 4x4, 6x6, 8x8 supercells respectively. Same tendency is observed
with PBE, although less consistently. In the rest of the discussion, we refer to the results

obtained with rVV10 functional.
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Figure 5: Charge density difference with rVV10 functional upon adsorption of (a) Li adatom
(b) Li-dimer (c) Li-trimer (d) Li-tetramer (planar) and (e) Li-tetramer (pyramidal) on a
6x6 graphene supercell. Yellow and green spheres represent carbon and lithium atoms re-
spectively. Red and blue regions indicate respectively the electronic charge depletion and

accumulation. The surfaces are plotted at an isovalue of 0.002 e/(a.u)?.

The observation of decreasing adsorption energy with increasing cell size in Fig. [4] im-
plies the presence of electrostatic repulsion between adsorbates in adjacent simulation cells.
This repulsive interaction is more evident for the single Li adatom case indicating that the
dipole per atom due to charge transfer in Li-graphene system is more pronounced for this
configuration.

In order to gain further insight, we compute the charge density difference due to lithium
adsorption:

Ap = p(graphene + nLi) — p(graphene) — p(nLi) (9)

where p(graphene + nLi), p(graphene) and p(nLi) are the charge density of Li-graphene
composite, graphene supercell of equal size as the composite and Li-cluster in the same
optimized position as in the composite system respectively, and n is the cluster size. The
results for different Li configurations on a 6x6 graphene supercell in Fig. |5 show significant

charge transfer between the Li atoms and graphene. In the case of Li adatom, the electrons
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transferred to graphene are localized on the hexagon upon which the Li atom is adsorbed,
creating a net dipole (Fig. [Bh). In the case of Li clusters (see Fig. [fb-e), the charge distribu-
tion is significantly different from that of Li-adatom since the positive charge is delocalized
over the whole cluster, and not as elevated above the Li level as in the case of Li adatom.
We quantify this difference by analyzing the planar average of the charge density difference
per Li, Ap,(2), as a function of the perpendicular direction as shown in figure @ A notably
higher Ap,(z) is observed for Li adatom than Li-clusters. The dipole moment per Li is
-0.802eA for Li adatom and -0.247, -0.077, -0.125, -0.119 and -0.096 €A for 2, 3, 4, 5 and 6
Li-clusters respectively. This observation justifies a binary characterization of Li adsorption
as single adatom versus cluster formation categories, which is utilized in the construction
the interaction potential for Li-graphene system as described in [Section 2B.

The adsorption energy reported in Fig. [f] also shows that isolated Li adatoms are more
energetically stable than small Li-clusters at zero temperature and low concentration. This
suggests that entropy may further enhance the stability of Li-adatoms over compact Li-
clusters, offering the disperse Li configuration as a comparatively stable alternative to Li
clusters in the case of batteries. To this end, it becomes imperative to understand the effects

of temperature on the Li-graphene system.

0.6
04
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3 0.2} |
e
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Q ,
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02} — |
—3 — 6
-0.4 - - - -
-6 -4 -2 0 2 4 6

z (A)

Figure 6: The planar average of the charge density difference per Li, Ap,(z) =
[ Ap(z,y, z)dxdy, for various 2D clusters as a function of the perpendicular distance from
the graphene plane (situated at z = OA) The gray region shows the standard deviation of
Li-heights around their average (the thick dashed line) above graphene plane.
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3B. Li-graphene interaction potential

The values for parameters of the cluster expansion model are determined by fitting to the
DFT adsorption energies (see Table . On the fitting set, a root-mean-square error of
18.0meV/Li (1.6 meV/C) is obtained. The cross validation error calculated via leave-one-
out method is found to be 30.2meV /Li (3.4meV/C). This error is significantly smaller than
the root-mean-square deviation of 7meV/C and cross validation score of 8 meV /C reported
in Ref. [13l The on-site ECI gives approximately the adsorption energy of an isolated Li ion,
as expected. Among the 2-body interactions, the nearest neighbor 2-body ECI dominates,
and is positive, in line with the strong electrostatic repulsion between Li ions in nearest
hexagons, also in agreement with the cluster expansion parameters of Li-graphite system
reported in Ref. 43. The remaining two-body interaction terms, Jo, and Js., are negative,
smaller in magnitude, and decrease with increasing range. This supports the assumption
that, once the long range electrostatic interaction is factored out, the cluster expansion can
be truncated at few nearest-neighbor distances. Compact 3- and 4-body terms are found to
be significant as well for a good description of the Li-graphene interaction. We show in the
supplementary material that if the 3- and 4-body terms are not included, the model accuracy
is compromised and the dominant ECI becomes the on-site one in agreement with the result

of Ref. (13 where these terms were not included in the expansion.

Table 2: Best fit values for the effective cluster interactions of the model in
equation . All parameters, except v, in eV

J1 J2a Jap Joc J3 Jy Jad i
ECI 0.287 0.677 -0.109 -0.075 -1.429 0.234 2.086 0.383

3C. Energetics of lithium-graphene interactions

Three notable phases are observed in GCMC simulations (see Fig. [7). These phases are
referred in the following as the Li-gas (G) (Fig. [7a)), the Li-islands (I) (Fig[7b)) and the Li-

17



(a) Li-gas (b) Li-islan (c) Li-stripe

Figure 7: A snapshot of Li ordering on graphene of the dispersed/gas phase, the Li islands,
and the Li-stripes.

stripes (S) (Fig. phases. The free energy per site of these phases at 800 K, as determined
by thermodynamic integration, is shown in the upper panel of Figure [§] The minimum free
energy for Li-gas phase is negative, lower than the bulk Li reference value, meaning that a
small concentration of Li adatoms can stably reside on clean single layer graphene, contrary
to the prediction of calculations at zero temperature. To examine the entropic origin of this
stability, we compare the potential energy and entropy terms of the free energy of each phase
at its minimum, i.e. at u = 0, as a function of temperature (see left panel of Figure E[)

At low temperatures, the energy term supersedes the entropic contribution in all the
phases implying that free energy is positive, i.e. Li-graphene system is unstable with respect
to bulk Li, in agreement with zero temperature calculations. At higher temperatures how-
ever, the entropic term dominates, stabilizing the Li-gas phase with respect to bulk Li. In
the Li-islands phase, there is a cross-over from an energy-dominated region (below 1200 K)
to an entropy-dominated region (above 1200K). In the stripe phase, energy is always the
dominant term in the considered temperature range, free energy is always positive, therefore
this phase is less stable with respect to bulk Li. We report in the right panel of Figure [J]
that by allowing a modest 10 meV shift in chemical potential the energy-entropy balance in

the various phases is significantly shifted to lower temperatures.
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Figure 8: Free energy per site (upper panel) and the phase diagram of Li adsorption
on graphene (lower panel). G, I, S and IV represent the gas(red), Li-islands(green), Li-
stripes(blue) and islands-of-vacancies respectively. The region between the red and the
green is the coexistence between the Li-gas and the Li-island phase while that between the
green and the blue region is the region of coexistence between the Li-island and Li-stripes
phases. The transition from the Li-stripes phase to island of vacancies as the concentration
approaches to 1 is represented by the fading away of the blue region. The vertical dashed
lines that extend across the panels are boundaries of the various coexistence regions at 800K.

3D. Li-graphene phase diagram

In order to identify the stable phases for a wide range of concentration and temperature,
we construct the Li-graphene phase diagram using the common tangent construction. The
common tangent construction at 800 K and the corresponding phase diagram boundaries are
shown in the upper and lower panels of Figure [§] respectively. The maximum concentration
at which the Li-gas phase is stable is about x = 0.05, equivalent to 1Li:40C at 2000 K, and
it decreases progressively with temperature and becomes practically zero at 400 K. Below
400 K, the pure Li-gas phase becomes unstable and only a mixture of the Li-gas and Li-island

exists. The region of coexistence between the Li-gas and the Li-island phases extends over a

19



o
E-ux (meV)

= =N
E-ux (meV)

[u=0meV 1 [u=10meV 150
- 1t 115
i 11 {10
— L} 1|5

lu=0meV | [u=10meV 150

TA S (meV)

—“ =N
CQUIOUIO0 OCUOUIOUT OCUIOUIO

TA S (meV)
o
E-ux (meV)

s |} s |5

500 1000 1500 2000 500 1000 1500 2000

Figure 9: Entropy (red curve) and configurational energy (blue curve) contributions to the
free energy as a function of temperature at chemical potential 4 =0 and g = 10meV. u =0
corresponds to the minimum of the Helmholtz free energy. G, I and S represent the Li-gas,
the Li-island and the Li-stripe phase respectively.

wide range, up to about z = 0.3 (~1Li:7C). Above x = 0.3, the Li-cluster phases are more
stable at all temperatures. The stability of the Li-island phase occurs between Li:Ca1:7
and Li:C~1:5. Between Li:C=1:5 and Li:C~1:4, the Li-island phase and the Li-stripe phase
coexist in equilibrium. At about x = 0.5 (1Li:4C), the Li-stripe phase is the most stable.
The Li-stripe is observed to appear as a result of fusion of large Li-island clusters of adja-
cent simulation boxes. The stripe configuration hence reduces the surface of Li-clusters and
provides an energetically more favorable growth path for increasing concentration, compared
to continuous increase in the size of Li-islands. Obviously, in the thermodynamic limit, i.e.
in a simulation box of infinite dimension, the fusion of two Li-islands would simply result in
another Li-island of larger size and not in an infinitely extended stripe. Thus, in a bigger
simulation box, the critical size of Li-island beyond which the Li-stripe will begin to develop
is expected to be larger, while other phases such as Li-gas may remain largely unaffected by
the size. In order to explore this finite size dependence, we performed simulations similar
to the one described so far in a 25x25 graphene supercell, with 1250 carbon atoms and 625
adsorption sites per cell. The results are compared in Figure 10| where the stability domains

determined in the larger cell are shown by hatched regions.
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Figure 10: Finite size effect on temperature-concentration phase diagram. The solid shaded
regions represent the phase diagram obtained in the 20x20 supercell while the hatched regions
correspond to the one of the 25x25 supercell.

The Li-gas phase stability is found to be independent from the size of the simulation box
implying that above 400 K and at very low concentration, Li ions will dispersed on graphene
surface in the thermodynamic limit. We also observed an increase in the region of stability
of Li-island phase with increasing cell size. Considering that in the bigger cell the same
concentration is reached with more Li atoms (see Figure S5 in the supplementary material),
we see that in the bigger simulation box, bigger islands are stabilized with respect to stripe
phase. This confirms the formation of Li-stripes as an artifact of the assumed periodic
boundary conditions which would eventually disappear as the cell dimension becomes infinite.

The range of concentration of the phase coexistence regions are also observed to reduce
with increasing cell size. This implies that the energy barrier between phases is reduced
as the simulation box gets bigger and in the thermodynamic limit the 2D Li adsorption
on graphene may occur continuously from Li-gas phase to fully lithiated graphene through
the path of gas phase, gas-islands coexistence, Li-island and finally to complete lithiation
respectively as the Li concentration increases.

Other phases such as islands-of-vacancies and gas-of-vacancies in an otherwise completely
Li-covered graphene were also observed, however these phases are found to be very high in

configurational energy. For instance, the energy required to create a single vacancy from
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a fully-lithiated graphene according to our model is 1.672eV which is about six times the
energy required to add a single Li atom to an empty graphene sheet, 0.287eV. We can
estimate the temperature needed to stabilize the gas-of-vacancy phase from the fact that
the Li-gas phase is stable at 800 K and above. Assuming a simple proportionality gives a

temperature of about 4800 K.

4. Conclusions

We have presented a study of the interaction of Li with single layer graphene at zero tem-
perature by Density Functional Theory (DFT) and found that Li-graphene interaction is
dominated by electrostatics due to charge transfer from Li to graphene. The trend of the
adsorption energy per Li was found to be qualitatively different for Li adatoms compared to
Li-clusters. This difference was found to be mainly due to drop in the transferred charge in
the case of clusters. Li adatoms and small clustered considered were found to be unstable
against bulk Li metal at zero temperature. Finite temperature effects were studied by a
combination of cluster expansion and Grand Canonical Monte Carlo methods. We found
that thermal effects are sufficient to prevent phase separation of the Li-graphene system into
its constituents at low concentrations but above the stoichiometry of ~ LiCy, formation of
Li-clusters is energetically favorable with respect to random distribution of Li atoms at all
temperatures.

Our study focuses on 2D adsorption. Our systematic approach predicts two stable phases
(Li-gas and Li-cluster) and the range of concentration (i.e. the chemical potential) at which
the two phases are in equilibrium. This coexistence region, that could not be captured by
previous approximate finite temperature treatments, covers about one-third of the entire
concentration range at low temperatures. Another phase where Li islands join and form
continuous stripes was also observed during Monte Carlo simulations however, by varying

the size of the simulation cell, we show that it is due to finite size effects and will eventually
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vanish in the thermodynamic limit. Although a simulation artifact in the case of an infinite
graphene sheet, such a phase can be speculated to occur at the edges of a graphene flake
and seed the lithiation.

While 3D configurations could in principle be considered and were previously theoretically

shown to be more stable with respect to random distribution of Li atoms both by zero-

T 2021

9 and approximate finite-temperature calculations, our 2D study may help interpret
some interesting experimental observations such as the evidence of enhanced Li capacity
in spatially constrained graphene materials where Li uptake positively correlates with the
average interlayer distance. For example Ref. [8 reports that increasing the interlayer distance
from 3.6 A to 4.0 A increases the capacity from 320 mAh/g, less than graphite, to 784
mAh/g, more than twice of graphite. In such densely packed, spatially constrained graphene
materials, Li coverage model is more compatible with 2D rather than 3D clustering, and
the increase in Li uptake with increasing interlayer spacing is compatible with a gradual
transition from 2D to 3D cluster formation. Therefore, combined with these experimental
observations in the literature, our results suggest that high Li uptake in dense graphene
materials may be the result of significant 2D Li clustering. The computationally demanding

study of vibrational effects, such as population of flexural phonons of graphene that may

further stabilize Li adsorption, is left for future work.

Supporting Information Available

Effect of periodic boundary conditions along the perpendicular direction to graphene plane,
details of the fitting procedure of the cluster expansion model, results of several variants of

the model and Li-graphene phase diagram as a function of number of Li.
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Effect of periodic boundary conditions along the aperi-
odic direction

Here we give a brief analysis of the effect of periodic boundary conditions (PBC) on energetics
reported in the main article. In our calculations, the vacuum size between adjacent graphene
sheets is set to 20 A. To demonstrate the impact of this parameter on the adsorption energy,
we perform Li adatom adsorption calculations on a 3x3 graphene supercell while varying the
vacuum size, i.e. graphene layer separation (LS) between 10 and 30 A. The single Li adatom
on graphene case has the highest amount of charge transfer, therefore, it is expected to have
the most pronounced long-range electrostatic behaviour between graphene sheets. Hence the

error reported here can be seen as an upper bound to the impact of PBC.

0.67
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Figure S1: Adsorption energy(E.4) of Li adatom on the hollow site of 3x3 graphene su-
percell as a function layer separation (LS). The infinite layer separation limit, F,4(0c0) was
obtained via fitting using Eq.1. The parameters of the fit are F,4(c0) = 0.662362, b=-
3.04981;¢=3.05586. R is the nearest neighbor distance for Li in-plane, R=3x2.47 A in the
case of 3x3 supercell. The root-mean-square (rms) error of the fit is 0.77 meV.

Fig. S1 shows the adsorption energy, F,; referenced to bulk Li as a function of layer
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separation (LS). In order to estimate the adsorption energy at infinite separation, we fit
the DFT data (red curve of Fig. S1) to a simple function of LS and the in-plane distance

between Li adatoms on surface , R:

E(LS) = Eqa(0) (1)

b c
toet ——
LS V(R? + LS?)

This functional form mimics the Coulomb interaction of Li adatom and its periodic images
on adjacent graphene layers, as well as the interaction with the periodic images of its nearest
neighbors. Therefore at infinite layer separation, we can approximate the energy as F,4(c0).
The difference in adsorption energy between LS=00 and LS=20 A is estimated to be 9.2 meV.
This value is smaller than the energy difference between Li-adatom and Li-cluster phases at
0K ( which ranges between 44 and 176 meV on a 3x3 supercell and between 149 and 312 meV
on a 6x6 supercell ). Therefore the results calculated at LS=20 A can be considered as a
good approximation to the infinite separation limit for the analysis of phase stability at 0 K.

We can confirm this by observing the electronic density profile as well: The planar average
of the charge density difference in Fig. S2 shows that the charge density profile does not
change significantly at layer separations above 16 A.

The impact of PBC on the model that is used in finite temperature study can be analyzed
as follows: The cluster expansion interaction potential is obtained via a fit to DF'T energies.
The standard deviation of this fit is 18.0 meV, while the upper-bound of the correction due
to PBC is estimated to be ~9meV using the fit demonstrated above. Thus, the results
calculated at LS=20 A can be considered as a good approximation to the infinite separation

limit for the analysis of phase stability also at finite temperatures.
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Figure S2: The planar average of the charge density difference between pristine graphene
and Li-adsorpbed graphene, Ap,(z) = [ Ap(z,y, z)dzdy, plotted at different graphene layer
separations as a function of the perpendicular distance from the graphene plane (situated at

z=0A)
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Fitting procedure

The performance of the Cluster Expansion model was optimized by minimizing the standard
deviation, o, of the adsorption energies predicted by the model from the adsorption energies
obtained by density functional theory (DFT). In order to avoid overfitting and favor locality,
a penalty term to the cost function was added. The penalty matrix was defined so that the
two body interactions are penalized proportionally to the distance of the interacting pairs;
for instance, the element for second nearest neighbor interaction is multiplied by (1/3.0)*.
This imposed locality constraints to the 2-body terms similar to the one developed in Ref.

1. The total cost function per Li is defined as

1 Nconfig EZ E,L 2 NJ
2 DFT — ~CE
R Y E el RS )
=1 i=1
where the accuracy of the model is defined as
NconfiA i 3 2 Nconfi
FEER Y {M] _ 1 "2 (3)
’ Nconfig i—1 NL@' Nconfig i1 ’

and o? is the square deviation per Li of the model adsorption energy of configuration i from
DFT one.

Similarly, the mean square deviation per carbon is given by

1 Nconfig NL 2
2 § 4 2
7¢ ) Veonfig i—1 < NC ) 7i ( )

In matrix form the cluster expansion for a given configuration C is given by

Ecp(C) =Y JA1(C) (5)
7
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and the cost function per Li atom is given by

1
2 _
Or; =

N > (Eppr — W) (Eppr — ILT) + tJ"M.J. (6)
config C

Here, M is a diagonal matrix with elements that depend on the range of J for 2-body
interactions and 1.0 otherwise. We used ¢ = 0.0005 and A = 1.0. Thus, the extra cost
associated with the locality constraint is minimal and only play a significant role when less

configurations than parameters are fitted.

Fitted configurations

The fitted configurations are Li-adatom in 2x2 to 8x8 supercell, Li-dimer in 3x3 to 7x7
supercells, Li-trimer in 3x3 to 7x7 supercells and Li-tetramer in 3x3 to 6x6 supercells , the
5- and 6-Li atom clusters in the 4x4 supercell of graphene and those shown in Fig. S3 which

are mixture of clusters and adatoms.

a

Figure S3: A pair of generic Li atom configurations in a 4x4 graphene supercell with (a) 4
Li atoms per unit cell and (b) 7 Li atoms per unit cell.
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Monitoring the fitting procedure
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Figure S4: Evolution of the root-mean-square (RMS) error as the number of configurations
used in fitting, i.e. in the training set (TS), increases. In this analysis, we use a total of 25
different configurations of Li on graphene. Three configurations are set aside as validation
set (VS) and are never included during the training of the model. Therefore, at zeroth step
of the training, we have zero configurations in the training set (T'S) and 22 configurations
in the remaining set (RS). At each step of the training the configuration with the largest
prediction error is added to TS, reducing the number of configurations in the RS by one.
We continue these training steps until all 22 configurations in RS have been added to TS.
Finally, for analysis purposes we also perform a training including all 25 configurations
(magenta asterisk labeled as ALL). The inset shows the zoom of the plot at later steps of
training where RMS error converges for TS.

Performance of the model

In Fig. S5 the deviation of the DFT energy from the energy predicted by the full model
described in the manuscript is shown. The root-mean-square deviation is 18.0meV/Li
(1.6 meV/C) with a cross validation error of 30.2meV/Li (3.2meV/C) as already reported

in the main text.
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Figure S5: Comparison of the model energies with DFT ones using rVV10 functional. The
black line represents perfect agreement while the red points are the actual model predictions.
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Table S1: Best fit values for the effective cluster interactions of the model when
3- and 4-body interaction terms are neglected. All parameters, except v, in eV.

J1 J2a Jap Joc J3 Jy Jad vy
ECI 0.429 0.074 -0.177 0.051 0.000 0.000 | 1.198 0.559

When 3- and 4-body terms are neglected, the obtained results are similar to the one
reported in Ref. 2: the most influential cluster figure is the point cluster as shown in table
S1. The resulting root-mean-square deviation is 98.3meV/Li (7.5meV/C) with a cross
validation error of 158.2meV /Li ( 21.2meV/C ). The reduced quality of the model is shown

in Fig. S6.
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Figure S6: Comparison of the model energies with DFT ones using rVV10 functional when
3- and 4-body interaction terms are neglected. The black line represents perfect agreement
while the red points are the actual model predictions.
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Even less accurate results are obtained when in addition, the J;, term is set to zero. Re-
sults are reported in table S2. The root-mean-square deviation is 108.3 meV/Li (7.3 meV/C)
with a cross validation error of 133.9meV/Li ( 15.3meV/C ). The DFT vs model comparison
is shown in Fig. S7. This is a strong indication that the long-range dipole-dipole term and
the 3- and 4- body interactions are very important for a proper description of Li adsorption

on graphene.

Table S2: Best fit values for the effective cluster interactions of the model when
3- and 4-body and long-range interaction terms are neglected. All parameters,
except v, in eV

J1 J2a Jap Joc J3 Jy Jad Y
ECI 0.48 0.068 -0.077 0.045 0.000 0.000 | 0.0000 0.000
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Figure S7: Comparison of the model energies with DFT ones using rVV10 functional when
3- and 4-body and long-range interaction terms are neglected. The black line represents
perfect agreement while the red points are the actual model predictions.
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When only the dipole-dipole long-range terms are neglected the resulting parameters are
the ones reported in table S3 (DFT vs model deviations shown in Fig. S8). This model de-
scribes relatively well the Li-dense configurations, but dilute configurations with Li adatoms
in 3x3 to 8x8 are poorly described indicating the importance of the long-range dipole-dipole
interaction term.

The root-mean-square deviation is 70.9 meV/Li (5.2 meV/C) with a cross validation error

of 91.9meV/Li ( 8.6 meV/C )

Table S3: Best fit values for the effective cluster interactions of the model when
only the dipole-dipole long-range terms are neglected. All parameters, except 7,
in eV

J1 Joa Jap Joc J3 Jy Jad Y
ECI 0.408 0.491 -0.037 0.065 -1.130 0.196 | 0.0000 0.000
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Figure S8: Comparison of the model energies with DFT ones using rVV10 functional when
only the long-range interaction terms are neglected. The black line represents perfect agree-
ment while the red points are the actual model predictions.
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Cluster Expansion : The behaviour of the dipole-dipole

interaction term
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Figure S9: The behaviour of the dipole-dipole part of the cluster expansion model obtained
via single Li adatom on various supercell sizes. Note that in all the supercell sizes used, Li
ions in adjacent cells are far enough that the only contributions to the model energy are the
onsite term, which constitutes a constant shift, and the long-range interaction term. The
model can be seen to capture the long-range behaviour observed in the DFT calculations
(red squares)
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Finite size analysis
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Figure S10: Finite size effects: Temperature versus number of Li Ny, phase diagram. The
red lines represent the phase boundaries determined with a 20x20 supercell and the black
lines represent those determined with the 25x25 supercell. The red and green shaded region
are the Li-gas and Li-island phases in a 20x20 cell while the red and green hatch regions are
corresponds to those obtained with 25x25 supercell. The plot shows the increased dimension
of the Li-islands in equilibrium with the Li-stripe phase as a function of the similation box
size.
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