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At present, most of the world’s energy demand is satisfied through
thermal combustion, which has resulted in a depletion of fossil fuel
reserves and an increase in environmental pollution. For this reason,
there are great efforts to achieve the independence from oil as energy
source, substituting fossil fuel by renewable energy sources, coupled
with battery banks as storage devices. Of all rechargeable batteries
on the market, those based on Li-ion have numerous advantages: i)
the working voltage provides a high energy storage density, ii) low
cost, iii) easy handling, iv) good chemical stability and v) excellent
electrochemical performance.'? Thus, great efforts are being made to
improve the durability and cycle life of this type of batteries.> To
carry out this purpose, it is necessary to understand the physicochem-
ical mechanisms that operate at molecular scale. It is in this context
that computer simulations play a crucial role.

In the Li-ion batteries industry, graphite as anode material is the
most commercialized form, since it presents a theoretical capacity of
372 mAh/g.” In a graphite Li-ion battery, lithium migrates between the
electrodes during the loading and unloading process. The intercalation
process can be described as:

Co+xLiT+xe — Li,Cg [1]

Where x corresponds to the Li composition in the graphite matrix.
It is widely recognized that Li intercalation in these materials result
in different stages, generally known as Lithium Graphite Intercala-
tion Compounds (LGIC). Most of these stages have been detected
and studied by electrochemical and X-ray diffraction techniques,®'°
which allow structure determination. Another property, important for
the characterization of LGICs is the intercalation entropy, which can
be studied from experimental'! or theoretical approaches.'? There
is an overall agreement to identify the LGICs as: “stage n/m”. This
quotient represents the minimum periodic structure composed of m
Li layers which are repeated every n graphite sheets. Hence, stages
where m = 1 correspond to the so-called “entire” stages (1, 2, 3, 4,
etc.), generally designed with roman numerals (I, II, IIL, IV, etc). On
the other hand, stages with m > 1 are called “fractional stages”.!?
For example, the fractional stage composed of three sheets filled with
lithium between four graphite sheets is called “stage 4/3”.

When the anode is completely discharged, the thermodynamically
stable form of graphite is that with ABAB stacking sequence. How-
ever, when lithium is intercalated between the graphite sheets, reach-
ing the stage I formation, the stacking sequence changes to AAAA. 415
The real situation is probably more complex, since it has been pro-
posed the existence of several ABAA and AABB hybridized struc-
tures between the sequences previously described.” One hypothesis
to explain the carbon planes sliding (ABAB — AAAA), suggests
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that the intercalated Li atoms perturb and shield the van der Waals
forces between the carbon sheets, producing the change in the stacking
sequence.'® It has also been proposed that this perturbation is depen-
dent on the Li concentration in each graphite layer, an assumption that
has not been verified experimentally yet.

Very recent experimental results,'” involving entropy hysteresis
phenomenon, propose a transition mechanism between stages II and
IV (and vice versa) where the stage III is not present. Instead, this new
mechanism suggests the existence of a new stage, mixture of stages [V
and II, called stage 4-2 (for lithiation) and stage 2—4 (for delithiation).

In the computational simulation field based on DFT, Pande,'®
Persson,'¢ Sascha!® and Robledo?® have demonstrated the need to
include van der Waals interactions to describe the system in a better
way. Recently, Raju et al have implemented Grand Canonical Monte
Carlo and Molecular Dynamics schemes applying reactive potentials
- ReaxFF?' -, allowing access to simulations at finite temperature.
Alternatively, Perassi and Leiva'? presented a model based on the in-
teraction potential of Derosa,?? applying the Monte Carlo technique
in the Grand Canonical ensemble. This study compared the entropy
and differential enthalpy of intercalation of stage II and stage I with
experimental data. We have used a similar model in a recent work to
study the phase transition of LGIC stage I1.23

The present work is focused on the analysis of the complete inter-
calation process of lithium in graphite. To tackle this issue, we have
modified the interaction potential previously reported by Perassi'? us-
ing a Monte Carlo Grand Canonical scheme. Such an approach has
been found recently very useful to understand the influence of point
defects on the entropy profiles of lithium ion battery cathodes.?* The
present article is organized as follows: Section Model and compu-
tations presents details related to the system, potential energy and
computational methods. Then, we present the main results of the
simulations and a discussion is proposed. Finally, section Discussion
presents the most relevant conclusions.

Model and Computations

The systems.—The simulation cell was constructed with 24
graphite planes with the AAAA stacking sequence, where each plane
contains 288 carbon atoms arranged in a honeycomb-like structure
(hexagonal lattice). Therefore, the simulation cell contains a total
of 6912 carbon atoms, generating a grid of sites available for Li
intercalation. Periodic boundary conditions were employed in all
three directions. The z-direction was chosen perpendicular to the
surface, while the x-y plane was considered parallel to the graphite
planes.

To construct the cell, the following steps were followed: a graphene
sheet was built with the lattice parameter measured in bulk graphite
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Figure 1. Scheme of the simulation cell employed to represent the graphite
substrate plus Li-intercalation sites. It consists of a 24 layers graphene slab.
a) Side view (x-z plane). b) Top view of the cell (x-y plane). Periodic bound-
ary condition in X, y and z directions were applied. Gray and green spheres
correspond to the carbon and Li atoms, respectively.

at 296 K (1.42A).% This sheet was then replicated along the z coor-
dinate using a displacement distance of 3.35 A between the carbon
sheets. Figure 1 shows two pictures of the simulation cell in different
perspectives, a) Xx-z plane and b) x-y plane.

Potential energy.—The potential energy of a single intercalated Li
particle was:

E=E') 4+ El-T 4 E4 (2]
where,
7 12 7 6

EF) =¢ (l’) - 2(—’”) [3a]

r r

-1 of1- et
E = Do}"b T [3b]
Ef =y [3c]

Equation 3a is used to emulate pairwise interactions between Li
atoms in the same plane. For this purpose, a Lennard-Jones potential
term was used, EX~7, described in detail in the References 12 and 26.
¢ is the depth of the potential well at a distance r,,, which corresponds
to second neighbors, and r is the distance between lithium pairs in the
same plane. Since this term is repulsive to first neighbors, there is a
strong tendency to form a (v/3 x +/3)ordered structure in the plane.
A cutoff distance of 10 A was considered.

The potential energy E’~! of Equation 3b was included to emu-
late the electrostatic repulsion between Li atoms in different graphite
layers. This potential energy follows a decreasing power law with dis-
tance, r, characterized by an o exponent and a term that attenuates the
repulsive interactions at small distances, controlled by the parameter
B. A cutoff distance of 26 A, equivalent to 7 carbon planes, was used.
D, and r, are two constant parameters.

The third term, E# in Equation 3c, is a constant parameter, which
considers the interaction energy of Li atoms with the graphite sub-
strate. In the present study, this term is not relevant, since all interca-
lation sites are a priori equivalent.
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Table I. Parameter values used in the simulations (7 = 296 K).

e rmlA] Dy rp B a Y

kT 4.26 10k T 1 1 2/3.15 —1.176kpT

Table I shows the values used for the present parameterization and
Figure 2b shows the different potential terms in a schematic way.

Model and computational methods.—In order to analyze the Li
intercalation process in a preexisting graphite substrate, a lattice-
gas model is defined. Each intercalation site is at the center of the
carbon hexagons (see Figure 1b), at a distance between planes —
z axis - which is equal to half the distance between two adjacent
graphite layers with AA stacking. This produces a triangular geometry
lattice in each plane of M = 12 x 12 x 24 intercalation sites. The
intercalation process is emulated using the Monte Carlo technique in
the Grand Canonical assembly (GCMC).?’-%° In this system, graphite
is considered in contact with an infinite Li reservoir at a temperature
T = 296 K and a chemical potential ;. The Metropolis algorithm
was used to satisfy the detailed balance principle.*® A Monte Carlo
step was counted when each of the M sites has been evaluated to
change their occupancy state. 1 x 108 MCGC steps were needed to
guarantee the convergence of the simulation. An equal number of
MCGC steps was used to obtain the averages of the variables to be
measured. To explore the configuration space in an efficient way, the
following computational procedure was implemented:

® Step 1. Given a configuration €2, a site i is randomly chosen
between the M lattice sites.

® Step 2. A new configuration Q* is generated, by changing the
occupation state of the site i.

® Step 3. The acceptance probability, wg_, o+, from the transition
Q to Q*, is evaluated according to:

=min {1, exp[— (AU — ) /kpT1}

Wao—Q*

where AU = U(2*) — U(K2) is the potential energy difference be-
tween the configurations.

® Step 4. Steps 1 to 3 are repeated M times.

® Step 5. Given a configuration I', a pair of planes j and k are
randomly chosen between the 24 planes. If both planes are empty,
two planes are chosen again until at least one of them is occupied.

® Step 6. A new configuration I'* is generated by exchanging the
occupation state of the planes j and k.

® Step 7. The acceptance probability, r_ r+, is evaluated accord-
ing to:

hr—r+ = min {1, exp [—AU /kgT]}

where AU = U(I'*)—U(I") is the potential energy difference between
the configurations.

® Step 8. Steps 5 to 7 are repeated 24 times.
® Step 9. Steps 1 to 8 are repeated 1 x 107 times.

The system Hamiltonian is:

M MIP MOP M
ZZC,C'E$71+ZZC,CJE1 ! +ZC;E,-A [4]
[ i

where M = 3456 corresponds to the total number of intercalation
sites. M'? is a subgroup of M that includes only neighbor sites in
the same plane of i. M°” is other subgroup of M, but contemplates
sites in different planes from the site i. ¢, may take two possible
values:
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Figure 2. a) Isotherm for lithium intercalation in graphite, simulated in a Gran Canonical ensemble at 296 K, using the parameterization given in Table I with
a = 3.15. Inset show the 2D structure growth in Stage II and Stage 1. b) Scheme of the potential contribution terms.
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0 if the site & is empty.
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The intercalation isotherms, 6.;,¢c, VS |Lr;, were obtained as a
simple average of each GCMC simulations,

3 ¢ 3(N
eLing (MLI" T) = M <ZC;> = %

where N is the number of Li atoms intercalated in the lattice-gas. The
factor “3” is a normalization number, such that: 6;;, ¢, = 1, when
stage I is formed.
The intercalation energy per atom, U;;, was calculated as:
1
Ui = N
where U%xC y U are the potential energy of lithium+graphite and
graphite, respectively. In the present work U6 = 0.
The partial molar entropy was calculated from fluctuations as:?!

(8S) _ 1| {(UN)—(U)(N)

ox ), T | (N — vy "
Here U is the total energy of the system, and N the number of

lithium ions intercalated in the lattice. w is the chemical potential

and x correspond to the molar fraction. The symbol () represents the
average value of the property considered.

(5]

f44) (o) g

(71

Results

Figure 2 shows the intercalation isotherm, 0, ¢, as a function of
Lithium chemical potential, | ;, using the parameters of Table I, with
a = 3.15, at 296 K. Three plateaus can be clearly identified, which
corresponds to stages Id (gas-type), II (compact) and I (compact).
As shown in the inset of Figure 2a, the system naturally adopts the

(\/§ X \/§> R30° characteristic structure of the intercalation process

of Li in graphite, for compact stages. All stages will be described in
detail in the following sections. The complete intercalation process,
from the beginning of the random deposition of gas Li atoms (stage Id)
to the complete filling of stage I, takes place in a chemical potential
range of Apy; = (W' — u/?) ~ 150 meV. This value agrees with
experimental data.!?

The o exponent, from Equation 3b, controls the electrostatic re-
pulsion between Li atoms in distinct planes. It is, therefore, re-
sponsible for the A,; value, in such way that, when o decreases,
the repulsion between Li atoms intensifies and Ap;; increases.
Figures 2a and 3a show two intercalation isotherms for o = 3.15 and

a = 2, respectively, using the same values for the other parameters. At
first sight, it can be seen that at relatively low aquantities, processes
that were previously “hidden” in a small range of chemical poten-
tial start to be defined. We must clarify that, although the isotherm
obtained with o = 2 does not emulate the natural repulsion of the
Li/graphite system between planes, its analysis will allow us to obtain
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Figure 3. a) [sotherm for lithium intercalation in graphite, and b) intercalation
energy as a function of chemical potential of Li, simulated in a Gran Canonical
ensemble at 296 K. Using the parameterization given in Table I, with o = 2.
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d) Stage lll

e) Stage Il
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Figure 4. Snapshots from MC simulations, showing different structures associated with the isotherm plateaus in Figure 3a. The gray spheres correspond to empty

intercalation sites and the gray ones to Li atoms. C atoms are not shown.

an important insight into the processes occurring during the interca-
lation process.

Several plateaus can be identified in Figure 3a, which are all
related to different lithium-graphite stable structures. Each jump in
the isotherm (from one plateau to another) is associated with transi-
tions between these stages. Figure 3b shows the intercalation energies
per particle, Uy;, defined previously in Eq. 6. On the other hand,
Table II describes the stages names, the coverage values obtained
from our simulations and the potential intercalation energies calcu-
lated for pure stages. Figures 4 and 5 shows representative images of
the structures obtained in the different plateaus.

The entire intercalation process occurs along a range Ap,; =
(W' — '), a little higher than 700 meV. While only the parameter
a has been modified in Eq. 3b, the energy inputs of the terms given
in (3a) and (3c) were not altered, so both isotherms begin at the same
point.

For a proper understanding of the insertion mechanism, a detailed
analysis of all stages will now be done.

First stage (0 — I;,).—At lithium coverages between 0 <
OLiycs < 0.1 arandom distribution of Li atoms in bulk graphite takes
place (stage Iy). A snapshot of this configuration is shown in Figure 4a,
where some Li atoms have been marked with red circles. Experimental

evidence of this stage has been previously reported in Literature. It
can be noted that 8, ¢, grows as |L;; moves to more positive values;
the intercalation energy (Figure 3b) is negative, demonstrating the
predominance of the energetic term Li-C (Eq. 3c) at this Li concen-
tration. In addition, the intercalation energy presents a small positive
slope, due to a small increase of the repulsive component from the
out-of-plane interactions (Eq. 3b).

Transition (I; — VI1II) .—The first jump until a plateau at
OLiyce ~ 0.125, corresponds to the transition from the disordered
state 1; to a (+/3 x +/3) ordered structure, denominated here stage
VIII. A representative image of this stage can be seen in Figure 4b.
As the stage name alludes, the graphite sheets become occupied by
Li ions every eight graphite planes. In concordance with Figure 4b,
Figure 3b shows an abrupt change to more negative values in the in-
tercalation energy at the chemical potential where the stage VIII is
formed, which results from an increase in the attractive “in-plane”
interactions, Eq. 3a. As lithium sheets are separated by seven empty
intercalation planes, repulsive interactions are negligible.

Transition (V111 — 1V).—At chemical potentials close to —65
meV, the transition from stage VIII to stage IV occurs. As expected,

Downloaded on 2018-07-01 to IP 128.122.230.148 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (10) A2019-A2025 (2018)

Mixture of states

* | Stage Il

Figure 5. Snapshots showing stage mixtures. The colors of the spheres are
the same as those detailed in Figure 4.

in stage IV the Li-occupied with the (v/3 x +/3) structure is repeated
every 4 planes of graphite. As can be seen in Figure 4c, the lithium
occupation is in this case, 0, ¢, 18 0.25.

Transition (IV — 111) .—At higher chemical potentials, close
to iwz; &~ 10 meV a transition involving stage IV (Figure 4c) and
stage III (Figure 4d) occurs. At the stage III plateau, 0;;, ¢, ~ 0.333.
The intercalation energy is negative, but greater than the intercalation
energy of stage IV, due to the increase in the contribution of the
repulsive term, Eq 3b.

Transition (111 — I1) .—A detailed examination reflects that
this transition occurs by a mechanism involving a mixed stage between
stages III and II. This “mixted” stable arrangement, stage (III-II), ap-
pears around pz; ~ 60 meV. Figure 5a shows a snapshot extracted
from the simulations, where the mixture of both phases can be ob-
served. The transition /11 — IIimplies that stage Il is progressively
“disordered" while stage II is “being ordered”. The large number of
possible configurations for the coexistence of these stages, generates
a computational problem, making it difficult to explore the configura-
tion space. This is the main reason why the planes exchange algorithm
was implemented, as mentioned in section Model and computational
methods.

Transition (11 — I).—Going back to the description of the inter-
calation isotherms, given in Figures 3a, we can identify three fractional
stages (3/2, 4/3 and 8/7) and a mixed stage (II-3/2), in the interval
Wi ~ 200 meVto w;; ~ 500 meV. Representative images of these
stages are shown in Figures 4f—4h and Figure 5b, respectively. These

Table II. Stage description, coverage degree, chemical potential at
a coverage step to form the stage plateau and intercalation energy
per particle for the pure stage.

Stage OLiyce Wri/meV Uyp; /meV atom™!
Id <0.02 —200

VIII 0.125 -90 —114

v 0.25 -56 —-93

111 0.33 0 -70

I 0.50 156 -23

32 0.66 250 40

4/3 0.75 293 68

8/7 0.875 381 111

1 1.0 469 149
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Figure 6. partial molar entropy change as a function of the amount of inter-
calated Li, using the parameterization given in Table I, with o = 2 (red) and
a = 3.15 (black).

partially unfilled stages exhibit a symmetry with respect to partially
filled stages. In fact, they can be obtained by exchanging holes with
particles in the stages previous to stage II, thus:

® Stage 3/2, is symmetric with stage III.
® Stage 4/3, is symmetric with stage I'V.
® Stage 8/7, is symmetric with stage VIII.

Following the same analysis, the stage (II-3/2) is symmetrical with
the stage (III-1I).

Partial molar entropy.—Figure 6 shows the partial molar entropy,
obtained according in Equation 7, as a function of the degree of in-
tercalation, 0z, ¢, for the two models analyzed here: black dots for
a = 3.15 and red dots for o = 2. As expected, the increase in the
repulsive interaction forces, (o = 3.15 — o = 2.0) strongly affects
the partial molar entropy of intercalation. As discussed in detail in
References 33 and 34, the steps observed in the differential entropy
indicate transitions between different intercalation phases. Its origin
can be understood on the basis of configurational contributions, ac-
cording to Yazami and Reynier’s conjecture.’® For a = 3.15 curve,
the differential entropy presents a step at 0, ¢, : 0.5, consistent with
the transition from state II to I. On the other hand, several other steps
appear for a = 2, each of them associated to a plateau of the isotherm
of Figure 3a. The increased repulsion between lithium ions in different
graphite planes, causes that transitions become more abrupt, as was
demonstrated by statistical mechanics models.*?

It is remarkable that experimental differential entropies, such as
those shown in Figure 4b in Reference 35, present small shoulders,
before and after of 0,,¢, : 0.5, that give indication for the presence
of new phases. Remarkably the experimental behavior is intermediate
the curves shown in Figure 6.

Stage (IV-1I) and (IV-11)*.—Before the implementation of the
algorithm descripted in section Model and computational methods, the
system was simulated with the traditional Grand Canonical ensemble
using the classical Metropolis algorithm, i.e., without steps 5 to 8, in
the same conditions at the same temperature. The existence of mixed
stages was found, mixtures of stages IV and II (stage IV-II) and its
conjugated one, the stage (IV-II)*, but no signs of stage III. We show
in Figure 7 two intercalation isotherms, 0.;,¢, Vs Wi, set up under
the above conditions. There, we compare the results of the algorithm,
with and without the steps 5 to 8, described in section Model and
computational methods. We found that the plateaus at (25 meV; 0.38)
and (275 meV; 0.66), in the black curve, disappear when the plane
exchange algorithm is implemented, demonstrating that these plateaus

Downloaded on 2018-07-01 to IP 128.122.230.148 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A2024
0,8 r T .
0.7 I Stage (IV-I)*
I \ Stage 4/3 |
0,6
< 0,5
| Stage (IV-II) T 4
04 \ Stage II
0,3
S Stage IV i
0z 0 50 100 150 200 250 300 350
n / meV

Figure 7. Isotherm for lithium intercalation in graphite simulated in a “tradi-
tional” (no steps 5 to 8) Gran Canonical ensemble using (black) exchange and
(red) classical Metropolis scheme at 296 K.

correspond to metastable states. On the other hand, the thermodynamic
stability of all state (there shown) change. In Figure 8 we presents the
snapshot of mixed states (IV-1I) and (IV-1I)*.

From these findings, we thought it could be plausible to find a
lower (pure) energy stage, since the system seemed to get “stuck”
using this classical algorithm. So, the “plane exchange” step was
implemented into the classical Metropolis algorithm to improve the
relaxation method, and stage III, with a lower energy as compared
with stage IV-II was found at practically the same chemical potential
window. We found that while the pure state III has intercalation energy
per particle of —70 meV atom™! (see Table II), the mixed state TV-II
presents an intercalation energy per particle of —55 meV atom™~!. That
result suggest that stage III is thermodynamically more stable than the
mixed stage IV-II.

Discussion

In the light of the observed mechanisms, we will try to analyze
in this section what are the implications of the simulated stages for
a laboratory experiment. To give an answer, we must return to the
analysis given in Figure 2, where a = 3.15 and the potential window
is similar to the experimental window A" & ey A E°P. The interval
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Figure 8. Snapshots showing mixed stages (IV-II) and (IV-I)*. The red rect-
angles show the different stage in coexistence.
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A= = I — 14 js slightly larger than 100 meV. In this interval,
experimental evidence for states VIII, IV and III has been reported.

On the other hand, the transition // — [ occurs in a potential
window close to Ap//~! a~ 25 meV, comparable to the average
thermal energy per atom: kg7 =~ 25 meV at 296 K. This makes it hard
to identify the multiple stages in experiments at room temperature.

With respect to the transition between stages II to I, fractional
stages have been reported, although their stoichiometry has not been
identified yet.>> From the analysis of entropy and crystal structure
anomalies and impedance spectroscopy, Yazami and Reynier have
fractional stages in the range of Li composition from 0.5 to 1.0.3¢-38
Other authors have also found evidence for the existence of these
stages by analyzing the effects of intercalation at low temperatures
or proposed their occurrence through DFT calculations.® On the other
hand, the experimental visualization of the intermediate stages be-
tween stages [ and II is very complex since, in addition to the contri-
bution of the configurational energy (as presented here), there are also
contributions due to excess energy that emerges as result of stress due
to the deformation of graphite layers.*’

It must also be mentioned that there is recent evidence!” for a new
intercalation mechanism, which involves the formation of stages IV-IT
and (IV-II)* instead of stages III and 3/2. We have shown that stage I'V-
II is not the most stable thermodynamic structure, as compared with
stage III, but it may be occurring due to kinetic factors that frustrate
the system, making it difficult to obtain the stage III arrangement.

In summary, the information presented here, added to that sug-
gested by different experiments mentioned above, allows us to propose
that a possible mechanism for the intercalation of lithium in graphite,
in the transition, // — I, can be decomposed into the transition

Stage II — Stage 3/2 — Stage 4/3 — Stage 8§/7 — Stage [

or

Stage I — Stage IV —I)* — Stage4/3 — Stage8/7 —
Stage [
these decomposition are consistent with other graphite intercalation
compounds pathways,'*! suggesting the existence of a general inter-
calation mechanism.

Conclusions

We have used a modification of an interaction potential used to de-
scribe lithium insertion in graphite to show the possible occurrence of
several intermediate structures between the currently proposed stage
I and stage II structures. We propose the following two sequences as
possible:

Stage VIIIT — Stage IV —  Stage III
Stage 3/2 — Stage 4/3 — Stage 8/7 — Stage |

and

Stage VIII. — StageIV — StageIV—-1I — Stagell —
Stage IV — II)* — Stage 4/3 — Stage 8/7 — Stages [

The last one involves the existence of a new stage, recently
proposed,'” the stage IV-II. One or the other will appear depending
on kinetic control.

All these stages involve a («/§ X «/5) 2D-structure. Hence, the
simulation provide understanding to the processes involved in a real
Li-graphite anode. It is very likely that, although these stages exist,
they remain “hidden” in experimental measurements since there are
factors that destabilize their structures. These other physical effects
must be considered in future modeling.

— Stagell —
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