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Abstract: Understanding the role of the phase transitionsndulithiation and delithiation of
graphite remains a problem of fundamental impoearut also practical relevance owing to its
widespread use as the anode material in most coorahéthium-ion cells. Previously performed
density functional theory (DFT) calculations showagpid change in the lithium-carbon interaction
at low occupation, due to partial charge transfemf Li to C. We integrate this effect in our
previously developed two level mean field modeljolidescribes the Stage | — Stage Il transition
in graphite. The modified model additionally debes the most predominant transition that occurs
at low Li content in graphite, which results in eeyiously unexplained feature in voltage and
dQ/dV profiles, and thermodynamic measurementsaofigd molar enthalpy. In contrast with the
Stage I-Stage Il transition, this extra featuraas associated with observable features in thagbart
molar entropy and our model demonstrates why. Tiseaesharp change in the open circuit voltage
at very low Li occupation, followed by a transitida a voltage plateau (peak in dQ/dV). The
behaviour arises due to the contrasting effecte@partial molar entropy and enthalpy terms on the
partial molar Gibbs energy and hence cell voltafgnce the voltage profile and phase transitions
can be approximated for all lithium occupationsteptially allowing a predictive capability in cell
level models.
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1. Introduction

The use of graphite as the anode in lithium-iortdoegts is ubiquitous and the properties of this
material have been the subject of extensive relsebath from the experimental and the theoretical
viewpoints. Recent theoretical work shows that saspects of the behaviour of this material upon
lithiation and delithiation still remain puzzlindgzor example, the role that the different stages
formed play in the entropic behaviour of this miglehas been recently recognised, in terms of
order/disorder transitions [1-5]. Furthermore, thderstanding of the occurrence of defective
(Daumas-Herold) structures on the basis of thetkimeof the lithium insertion process has also

been reached in recent times [6-8].

There has been much interest in describing thangtgghenomena, although there is still much
room for further important model development. Irdisidn to fundamental understanding, these
phenomena are important for achieving a cell I@wture for practical applications such as battery
management and aging. In our recent and ongoingf,wee described order disorder transitions,
including the Stage I-Stage Il transition, throu@rand Canonical Monte Carlo simulations [1, 9—
11] and a two level, mean field approach [2,-12] This transition is responsible for the main step
in voltage with respect to lithium occupation (staf charge) that occurs close to 50 % lithiation i

graphite.

For further model development and experimentaldetion, a better understanding of the changes
observed at dilute lithium occupation (k< 0.1, wherex = lithium occupation) is important. Not
only do higher order stages (dilute Stage Il, Sthgend Stage IV) occur [8, 13—19] but an
additional step in the voltage profile occurs atyvlew (x < 0.1) occupation, giving rise to an
additional peak in incremental capacity analys®/@@) measurements, which has not yet been
explained. These dilute transitions are important,only to achieve a fundamental understanding

of the entire voltage profile, but also the effectcycling in the low Li occupation region on



graphitic surface structural damage has been appedd7, 20], i.e. conditions experienced during

deep discharge of a full Li-ion cell.

The goal of the present work is to present a plajlgiecnformed and useful model, extending our
previously successful descriptions of the Stag&tiage |l transition in graphite to include the mai
transition in the dilute lithium occupation lim@l,<x < 0.1. We show, from comparing models with
electrochemical and thermodynamic measurementampmolar entropy and enthalpy, that this
transition has a distinct physical origin from tipeeviously reported higher order staging
phenomena. In contrast to those effects, which genieom Li-Li interactions, our model suggests a
non-linear change in the interaction between Li #redgraphite host lattice at low Li occupation, in
contrast with the usual assumption that this imtéza term remains fixed with respect to
occupation. Accounting for this effect results e texperimentally observed steep change in cell
voltage for x < 0.05 and the plateau at low Li qEation,x =~ 0.07. This model is also supported by

early studies of Dahn et al. on the density ofesta graphite [15].

The paper is organised as follows. In section 2elintroduce the experimental methods used to
validate the model, i.e. galvanostatic method¥df and entropy profiling. The latter has also been
used to obtain information about the partial matgthalpy. Experimental results from those
methods are presented in section 3.1. Our prewalesteloped two layer Bragg-Williams model is
summarised in section 3.2. Physical arguments comgethe change in the Li-substrate interaction
at low occupation resulted in an extension to tlmagB-Williams model to include this effect.
Modelled output of the electrochemical and thernrmaagic profiles dependent on the interaction
parameters in the model is shown in section 3Th2. experimental and simulated data are drawn
together in section 3.3 to determine the interactmarameters. Finally, a rational physical

interpretation of the observed features in thevaaié profiles is presented in the same section.



2.1. Experimental Methods

2.1.1. Electrochemical measurements

The carbon working electrode was prepared by aurextf graphite powder (particle size < 20 um,
synthetic, Sigma-Aldrich), Super P carbon and polyhdene fluoride (PVDF) in N-methyl-2-
pyrrolidone (NMP) in a mass ratio of 80:10:10, exdpvely. The slurry was then coated onto
copper foil and dried to make the electrode. Treetebde consisted of a 8 mm diameter disc,
containing 0.86 mg of graphite. 3 electrode Swagelok T ceéise used for the measurements, with
metallic Li as the counter and reference electrofilesrglass as separator and a 1 M LiitFa 1:1
wt/wt mixture of ethyl carbonate (EC) and dimetbgtbonate (DMC) electrolyte.

Measurements were performed on an Autolab PGSTAW3patentiostat. Three galvanostatic
charge-discharge cycles were performed at a cudensity of 20uA/cm? (11.68 mA/g, per unit
mass of active materialjvith the fixed voltage limits being between 0.05@&l.500 V. Cyclic

voltammetry was performed at a scan rate p¥s between 0.005 and 3.000 V.

2.1.2. Entropy and enthalpy profiling

CR2302 coin cells, with 16 mm diameter Li foil diak counter and reference electrode, 12 mm
diameter working electrode, Celgard separator anteselectrolyte of section 2.1.1 were assembled
for the purpose. The carbon working electrodes vessembled as in section 2.1.1 but in a mass
ratio of active material, conductive carbon and PMinder of 93:3:4, respectively. Coatings onto

copper foil with an approximate thickness of 80490 were produced by calendaring.

Experimental measurements for entropy profiling evperformed as described in our previous
work [12], [22]. The setup comprised an aluminiusathexchanger, in direct thermal contact with

the coin cells, which was connected to a Julabo fef2gerated — heating circulator, allowing



precise control over the temperature. The temperattas monitored by type-J thermocouples
connected to the heat exchangers. For high resolwoltage and temperature measurement a
Keysight 34972A data acquisition system with anigoed multiplexer unit was used. The cell

current and voltage during the experiment was otlett by a Basytec CTS cycler.

Entropy change measurements were preceded by 8ngaitatic cycles between 0.020 and 1.500 V
at a current density of 37.2 mA/g (C/10, where 872 mAh/q, i.e. the theoretical capacity of §iC
under a controlled temperature of 26, to ensure stable solid electrolyte interphaskl)(S
formation and to validate the electrochemical béhav We separately verified that the
galvanostatic results from the coin cells at camstiamperature gave comparable results to the three
electrode cell measurements as described in se2tibt. The cells were then charged under a
constant current-constant voltage condition to @.50at 14 mA/g (C/25) at 28C followed by
holding the voltage constant at 1.500 V for atii@a® hour. Entropy profiling was then performed
in an iterative procedure, where the current angperature were changed dynamically as outlined
in Table 1. Each iteration was repeated untildblk voltage was less than 0.005 V, corresponding
to 75 steps in total. State of chargewas obtained from normalising the change of cap&om
each galvanostatic step in Table 1 to the totalngbaof capacity obtained during the entire

experiment.

Table 1. Experimental parameters of the entropygbaneasurements

Step Time (min) Temperature (°C)
Discharge (C/25) 20 28

Open circuit voltage (OC\20 28

relaxation




Temperature step, {OCV) 20 25

Temperature step, {OCV) 20 22

Temperature steps{OCV) 20 28

The procedure is very similar to galvanostatic rmigent titration technique (GITT), where the
constant current and OCV steps are alternated., Idaralarly to our previous work [12, 22], the
gradient of the change in OCV with temperature leetwthe first OCV relaxation and temperature

stepT, was used to determine the partial molar entrafyj.e.

as=(50),, =(=575),, O

and hence the partial molar enthalpy, was determined by

AH = AG + TAS = —F <E0CV(x) T (%)px) )

whereAG = partial molar Gibbs energy, = fraction of lithium intercalated in the electeo@ith
respect to the maximum capacity (k< 1), B5cv(X) = open circuit voltage (OCV), T = absolute
temperaturep = pressurefF = Faraday constant. The protocol was designechabthe central
temperature during the OCV relaxation was 26, to facilitate comparisons with the
electrochemical measurements. To minimize the ples®ffects of thermal drift we used our
previously developed open circuit voltage (OCWiri and drift subtraction algorithms, described

in detail by Osswale@t al.[22] and the thus obtained OCV was used in equaticasl1? to obtain

AS andAH, respectively.

3.1. Experimental results



3.1.1. Electrochemical results

Electrochemical results, showing the variation lté ¥oltage with time are shown in Figure la.
These results correspond to the third galvanostatite: results from the very first cycle, i.e. the
solid electrolyte interphase (SEI) formation arewh in the supplemental information, Figure S1.
The results from the third cycle show a stable aepeatable behaviour. From numerical
differentiation of these results, shown in Figule #Q/dV analysis was obtained. Plateaux in
Figure 1a correspond to the labelled peaks in Eigix
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Figure 1. (a) Variation in the cell voltage withrte, from the "8 galvanostatic cycle conducted at
11.68 mA/g . (b) dQ/dV analysis, obtained througmarical differentiation of the results shown in

(a). Details of the labelled peaks are describethmmain text.

The pair of peaks P1d/P1l and P2d/P2l arise frororder/disorder transition, as modelled in our
previous work [2, 3]. Additionally, there is an extplateau in the voltage profile, Figure la, at
about E = 0.21 V, showing a deviation from idedldssolution (Nernstian) behaviour. This gives
rise to two additional peaks P3I/P3d in the dQ/ddfiees of Figure 1b. This behaviour is also
observed in slow rate cyclic voltammetry (SRCV) esiments, shown in Figure S2. By integration,

we obtained a fractional coverage of 0.07 undefA38l, from SRCV and@dV. Peak coverages,



normalised to the total charge passed during thigeive cycle, are shown in Table 2. The results

are in good qualitative agreement with those ofoach et al. [23, 24].

Table 2. Fractional coverage obtained from integyatof the charge corresponding to the peaks

highlighted in Figure 1b (galvanostatic) and sloate cyclic voltammetry (Figure S2).

Lithiation Delithiation

Peak Galvanostatic| Voltammetry| Peak Galvanostatioltamimetry
P1l 0.52 0.56 P1d 0.51 0.54

P2l 0.41 0.37 P2d 0.42 0.39

P3l 0.07 0.07 P3d 0.07 0.07

The coverage obtained from P3I/P3d does not casrebpo an integer fraction (e.g. 0.33, 0.25) as
would be expected for a transition to a higher nstage such as Stage Ill or Stage IV [13]. The
origin of this peak has not previously been congijeexplained and the subsequent analysis
provides clarification. Since the occupation valfresn peaks P3| and P3d are indistinguishable
within the limit of experimental error, we will uske variablegpzin the subsequent text to refer to

their occupation values synonymously.

We note that the difference between the chargedauharge behaviour shown in Figure la-b has
been previously observed [5]. The goal of the preseork is to provide a physical model to
describe the three major transitions: P1l/P1l,FP2l/and P3I/P3d, with a particular emphasis on the

physical interpretation of the latter peak, P3I/P3d

3.1.2. Thermodynamic measurements of partial megiénalpy and entropy



Additional insight into the transitions can be obéal through examination of experimental entropy
profiles and enthalpy profiles, which are showrFigure 2a. Results for the partial molar entropy
are in good agreement with those of Reynier gdaRk5-26], Thomas and Newman [27] and Allart
et al. [5]. The main features in the enthalpy pesiii.e. the flat line fox > 0.5, step ak = 0.5,
broad peak at x= 0.25, and sharp decrease $00.05, have previously been reported [25, 27} Du
to the higher data collection rate than previouskwee can resolve an additional peak at about x =

0.05 that has not previously been reported andagdigted within our model.
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Figure 2. (a) Enthalpy and entropy profiles fronidcaphite half cells (partial molar enthalpy: left
axis, partial molar entropy: right axis, as indieat by arrows). (b) Open circuit voltage (OCV)
values obtained from the entropy profiling proceslunset shows the same profile over a narrower

potential window.



Entropy profiles, shown in Figure 2a, display ansidon at approximatelx = 0.5, which is the
order/disorder transition associated with the StageStage Il transformation [2, 4, 11, 25-26]
Although higher order stages (dilute Stage I, 8tdly and Stage IV) have previously been
measured in electrochemical experiments at loweohientx < 0.5 [13, 28], and identified in Li-
C compounds synthesised through heat treatment {i8$e stages do not result in well defined
transitions in the entropy profiles [25, 27]. Incfathe result forx < 0.25 shown in Figure 2a
approximates well to the monotonic drop in pantedlar entropy expected for ideal solid solution
filling. This observation appears to be at odd$wlite voltage profile and dQ/dV results, Figure la-

b, showing an extra peak and plateau, respectiaelgw Li occupation.

The enthalpy profile shows a sharp transition ediute Li occupation limit. The change observed
in the partial molar enthalpy is dramatic: as tleeupationx increases from 0.00 to 0.0Opartial
molar enthalpyAH increasesrom -74 kJ mol (-0.77 eV) to -15 kJ mdl(-0.17 eV). Thus, while
the partial molar entropy resembles the behavidwanoideal lattice gas for x < 0.25, the partial
molar enthalpy indicates that drastic changes p&ee in the energetics of the system at low Li
occupation. We also observe a sharp peakHmat approximately x = 0.05, which was not clearly
resolved or explained in previous measurementswAsshow in the subsequent sections, these

phenomena can be modelled by a change in the atitamaf Li with the carbon substrate.

The open circuit voltage (OCV) obtained from thé&repy profiling procedure, shown in Figure 2b,
is in good agreement with previous results [26, &8 our own galvanostatic data obtained during
lithiation from a 3 electrode cell, as shown in Uig 1a. The rapid change in voltage for x < 0.05,
and the voltage plateauat= 0.21 V, are associated with the steep changeeakl, respectively, in

the enthalpy profiles.



We note that there is a broad peak in the enthalpfile at about x = 0.25, and a correspondingly
small shoulder in the entropy profile. The formande observed in the data of Reynier et al.
(Figure 5b, ref. [25], MCMB graphite), but the &thas not been found or remarked upon as far as
we know. It is possible that this feature corresjsoto a dilute Stage IV transition. However, its
influence on the OCV is negligible, as shown initheet of Figure 2b. Therefore, in the next stage
of model development, this feature was neglectddvour of a physically informed description of
the three main voltage plateaux, and the steepgehinpartial molar enthalpy and OCV at low Li
occupation. These effects are responsible for muoobre consequential changes in the

electrochemical behaviour. The model and resuéislascribed in the subsequent section.

3.2. Two layer Bragg-Williams model

3.2.1. Simulation methodology and physical basis

A schematic of our two level Bragg-Williams modslshown in Figure 3. We used this model in
our previous work to model lithium insertion in ghate [2, 3] and, in a very similar form, lithium
manganese oxide spinel with point defects [12].iddlut parameters, along with their meaning and

values are tabulated in Table 3.

——1 = Carbon layer
o000l 0] oblol | L] =Vacantsite
-__:@_@_ig;l_J--@@.-LJQ--_- Ol = Li filled site (no interaction)
im 000 0 000
' 2000 | 00 | [0 |

[@] = Reference site

____________________________

- OO0 [0 [00|0] | [®] = Attractive interaction

\OOON 10O IJO. @ = Repulsive interaction

Figure 3. Schematic illustration of the two levedg-Williams model. Pairwise interactions in the
same layer (g term) and between adjacent lay¢terim) are considered, resulting in attractive and

repulsive interactions, respectively.



Table 3. Definition of input parameters within timedel.

Parameter Definition Value

T Absolute temperature 298 K

Eo Value of the point term in th-4.51 kT
limit of high occupation

A Amplitude of the change in tlvaried
point term at low Li occupation

B Decay constant for the chanvaried
in the point term at low L
occupation

G Interaction between Li atoms |-0.45 kT
the same layer (intralay
interaction)

A Interaction betweehi atoms in1.12 kT
adjacent layers (interlay
interaction)

M Number of available lattice sit(600

in each layer

The model relies on summation of the partition tiorcin a 2 level model

E; Ej
Q(N,2M) = Y states €XP (_ ﬁ) = Z:]' levels 'Qf exp (_ ﬁ) ’

®3)




whereN is the number of particles (Li ions) in the systenmaximumN = 2M), ©;is the number of
degenerate energy levels of enekjyk is the Boltzmann constart, is the absolute temperature.
All the thermodynamic properties of the system rbaystraightforwardly evaluated by counting the
number of configurations for a systemMf N; + N, particles,N; being the number of particles in
slabi, as shown in our previous work [3]. In particulae note that the degeneracy, or number of

energetically equivalent configurations, is given b

(MD?

Q= (4)

T T (M=N+ )= )M=Y

for each energy level

The interaction Hamiltonian for each energy leeb

2 2
Ej = E'o(N; + N,) + 30(M+1;7)

+ 24N;N,/M. (5)

In conventional lattice gas models the tdeg = Eo, whereEyp is a constant describing the Li-C
interaction. It corresponds to the potential vatigvhich the lattice sites are half filled. On titeer
hand, changes to the shape of the voltage proftle @ccupation usually arise only from the Li-Li
interaction terms, i.eg and4 in this case. As shown in our previous work [BE thodel results in
well defined peaks, P1d/P1l and P2d/P2l in accarelavith the ones obtained experimentally. We
previously obtained valuas= -0.45 kT andt = 1.12 kT, by comparing the simulation resultshwit
the experimental half widths and relative positiasfsthe two peaks from slow rate cyclic
voltammetry, Figure S1 [2]. The effective attraetifiorce between lithium atoms in the same layer
in our model is in line with the theoretical workFilhol et al. [29], which shows a minimum in the

binding energy of Li as a function of distance bstw the Li atoms in the same layer, as well as



with previous experimental results [23]. The vatdideg = -4.51 KT was determined by comparing

the potential scale of the simulations and the exmntal results.

Although simple from a modelling perspective, tlrenmonly made assumption that the point term
is constant across the intercalation range mayequstified. Dahn et al. highlighted the fact that
when the Fermi level of an intercalation compourales through a region with a low density of
states, as in a semimetal such as graphite, léx@eges in chemical potential of the intercalated Li

result [21]. Then, the paramet&is not constant but changes rapidly with x.

Evidence for deviations from a constant point t&gauring lithiation in graphite can also be found
in earlier theoretical work of Di Vicenzo et al.gJ3 who found that a typicallkali metal donor in
graphite creates a screening charge that decagbralgally with an effective screening lengtiof
about 3.8 A. For comparison, the screening leng@ttymical metal such as copperis= 0.55 A
[30]. Assuming a typical Thomas Fermi screening el¢8l], we find that while in the second case
the screening factor is reduced to 1% of its maximualue at 2.53 A, for graphite the
corresponding distance would be 17.5 A. This fast been attributed to the reduced dimensionality
of the graphite host. Interestingly, the distanegveen lithium ions at x = 0.07, during the P3I/P3d
process would correspond to an average distanagebet Li' ions of 16.1 A. That is, the
occurrence of the associated peak occurs right wiierscreening of the coulomb forces between
inserted ions start to fade. At this point, a waydduce these repulsive forces would be to reduce

the charge transfer from Li to the graphite lattice

This phenomenon is consistent with a density fometi theory (DFT) study of Garay-Tapia et al.
[32], who showed that the binding energy of Li t@mghene undergoes a rapid transition at low
occupation, due to partial charge transfer fromd.the substrate. Moreover, Valencia et al. [33]

have found the same trend for the lithium-graphytstem. Lee and Persson [34] showed the effect



of an increasing number of carbon layers on thalibg energy of Li to the substrate. They
determined that, as the number of carbon layereases from 2 to 8, the energy converges to the
same value, with respect to the number of carbgarsa at low Li occupation. Moreover, they
determined that the charge transfer between id&gerhLi ions and graphene layers is limited to
the nearest neighbours. Hence, it is appropriatese€oDFT results for Li-graphene to approximate
the change in binding energy at very low Li occupatThese results, replotted from Garay-Tapia
et al. [32], are shown in Figure 4. The proportiointhe charge surrounding the Li atoms is
presented in Figure 4a. From; @ 1 — @ where @ is the fraction of the charge surrounding the
carbon atoms, @ the fraction of charge surrounding the Li atomaswdetermined. Results from
their work for the variation of the Li binding eggras a function of occupation are shown in Figure

4b.
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Figure 4. (a) Variation in the fraction of the clggr surrounding the Li atoms (Jand (b) variation

in the binding energy, as a function of the occigmatx. The fitted curve, dashed line in (b), was
based on the data points for x < 0.25 only. Inpatameters in equation 6 for illustration werg £
-35 kT, ¢ = -56 KT, = 50. Results in (a) replotted based on the lowstrgy configurations
(centred sites) from Figure 1 and Figure 4 from @®gaiTapia et al.. Results in (b) were obtained

from the centred site configurations in Table 2 dmdble 4 from Garay-Tapia et al. Reused with



permission from A.M. Garay-Tapia et al., J. Chemmedry Comput. 8 (2012) 1064-1071. Copyright

American Chemical Society (2012).

The results of Figure 4a are also consistent viithdalculations made by Rakotomahevitra et. al.
for the insertion of a Li impurity in graphite {x0), where they found that the Li impurity kept a
remaining charge of 0.483[85]. It is important to highlight that the estinat of charge transfer

in graphite/lithium systems is very sensitive te #nalysis method used, and different values can be
found elsewhere [36, 37]. As pointed out in the kvof Valencia et al. [33] the same system may
present a charge of 0.43 lgy Mulliken method, 0.47 "eusing Voronoy’s analysis, 0.60 fr
Loéwdin analysis or 1.0 éor Bader analysis. Although the numerical valuepahd on the analysis

method, the trend shown in Figure 4a is independktitat method.

The results of Figure 4b suggest a non-linear decd#ye total energy as a function of occupation.
At the dilute Li occupation end we can neglect Likhteractions and approximate the change in

total energy from the point terrg; o, only, using an exponential decay relationshe, i.

Ey = Ey + aexp(—Bx) (6)

whereE’( is a modified Li-C interactiory is a constant, representing the Li-C interactiatsiole

of the dilute occupation limit, and andf are empirical constants representing the ampliare
decay constant respectively of the change to th€ linteraction with occupatiox. For an
exponential decay relationshigg, > 0. o and g can be correlated with the following physical
interpretationu is related to the magnitude of the Li-C interactfonlow occupations. In fact, as
x—0, soEy — Ep + a, sothat a negativer indicates that in the limit of low occupations the
interaction with the substrate becomes stronget,canversely for a positive value. On the other

hand,f represents how suddenly the Li-C interaction vawéh the occupation as the graphite is



progressively occupied by Li ions. The origin oé$le changes in terms of the band structure of the
system has been discussed in detail by Dahn ¢2HL. This picture is consistent with the rapid

increase of the partial molar enthalpy in the expental results of Figure 2a, far< 0.05.

To integrate this effect into our model, a largemier of available insertion siteéd, in each layer
was required than our previous work [2, 12], whaolly simulated P1l/P1d and P2l/P2d. This is
because of the small rangexabver which the P3 transition occurs. ResultdMlor 600 were found

to be fully converged with respect to the systeme.sCalculating the degeneracy, equation 4 was
achieved through a modified Stirling approximatidiSA) of the formlog(n!) = log(v2rn) +
n(log(n) — 1), because the conventional Stirling approximati6a)( log(n!) = n(log(n) — 1),

was not sufficiently accurate. The numerical accyraf this approximation was compared with
direct evaluation of the factorials in the expressiof the degeneracy with = 170, which was the
absolute maximum that could be calculated beforearical overflow errors occurred. For
illustration, results obtained within SA, MSA andett evaluation of the degeneracy factors in
equation 4 are shown in Figure S7 for M = 150. BiAe(Figure S7a) results in an underestimation
of the peak heights and half widths in dQ/dV, whsreesults from the MSA (Figure S7b) are
indistinguishable from those obtained by directhalaating the factorials (Figure S7c), confirming
the validity of the MSA. Results for the MSA fofQ < M < 300 are shown in Figure S8 and
extended to the range 300 < M < 500 in Figure Stholigh the peaks for P1l/P1d and P2l/P2d are
nearly indistinguishable with respect to the syssere, subtle changes are observed in peak P3 in
Figure S8. Increasing the value of M above M = 8Bi@ure S9) shows no changes in peak half
width or amplitude, confirming that the input valiMe= 600 is more than sufficient to describe the

system behaviour.

3.2.2. Simulation results



The variation ofE’'p, the term in equation 6 relating to the interactadnLi with the substrate is
shown in Figure 5, as a function of voltage andupation, for different input values af Output

from the electrochemical profiles is shown in Fegér
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Figure 5. Variation in the modified Li-C interactipE’,, as a function of (a) voltage and (b) Li
occupation. The value @f, in KT, is shown in the legend. The valug’afas fixed at 50 in the

calculation results shown in the figure.
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Figure 6. Simulated results for the variation ir) (@hium content, x, and (b) dx/dV, as a functain
the cell voltage, (c) enthalpy and (d) entropy pesfas a function of the lithium content. Profiles

correspond to the variation in Eshown in Figure 5. Insets (grey dashed lines) sfeatures in

finer detail. Value o#, in units of KT, presented in the legend of (d).

Simulated results close to Li content, x = 0.5, iargood agreement with our previous work [2].
The two voltage plateaux in Figure 6a, and peakthedQ/dV, enthalpy and entropy profiles,
Figure 6b, 6¢c and 6d, respectively, arise due toraler/disorder transition because of the Li-Li

interactions in the system.

The simulated results show additional features\atlli occupation arising from the change in Li-C

interaction, as most clearly shown in the insetBigtire 6a-c. The simulated results for the voltage



profile and dQ/dV response, Figure 6a and Figureaf® in good agreement with the respective
experimental data, Figure 1a and 1b, whenO. These data show an additional peak resembling

P31/P3d, whose amplitude is related to the absoiaiige ofa.

A peak arises from the model wherx 0 anda > 0, shown in the insets of Figure 6b and 6¢. From
only dQ/dV it is difficult to determine the sign diie interaction and therefore thermodynamic
information from enthalpy profiles can provide addial confirmation. Comparing the simulated
enthalpy profiles, Figure 6¢, when< 0 with experimental data in Figure 2a shows a sintriand

at dilute occupation, providing support fer< 0. We note thatx < 0 is also consistent with the
physical arguments presented in section 3.2.1 hadDFT data in Figure 4b. On this basis, we
disregard the solutions fer > 0. Whena < 0 the host lattice becomes less attractive tad.the

occupation increases and stabilises to a constastiown in Figure 5a-b.
The small peak observed in the enthalpy profilecamsistent with a similar feature in the

experimental data, Figure 2a when< 0. The enthalpy term associated with this irdioa,

HsuwstratéX), €Xcluding effects from the Li-Li interactions,reated to the interaction tery'(x)

Hgypstrate (x) = Eg(x)x, (7)

and so inserting equation 6 into equation 7 thégdanolar enthalpy term from only the substrate is

given by

aHSu Sstrate
( batx - (x)) = AHgypstrate = a(1 — px)exp(—fx), (8)
p,T



as shown in further detail the supplemental infdroma Equation 8 results in a clearly defined
maximum in the partial molar enthalpy. This maximusn responsible for peak P3, in the

experimental data and simulations, for reasonsateéxplained further in section 3.3.

We found that behaviour resembling a first ordeagghtransition results from this model when the
amplitude ofa is large, i.ea < -6 KT. The onset of this transition was foundo®independent of
the value off. However, we note that the experimental dQ/dV resutFigure 1b do not show
sharp discontinuous peaks P3| and P3d, which wbeldssociated with the onset of a first order
phase transition and a concomitant transformatas two phase coexistence regime. On this basis

we consider only -6 KT <« < O KT.

Regardless of the sign af the varying point ternkt’o does not result in any change to the entropy
profiles as a function of, as shown in Figure 5d. This is supported by ttgeeemental result of
Figure 2a, showing only a monotonic change in ghrtiolar entropy in the region 0x< 0.25.
This observation that will be picked up in furtheetail in section 3.3. Note that this behaviour
results from the low occupation under the peak| Wwefore the onset of the Stage | — Stage Il
transition, and the fact thd'o is proportional to the overall occupation x, ratltan the

occupations of the individual layeid; andN, (as in the case of the interaction temgrendA).

In general, the simulated results support a diffeogigin of peak P3I/P3d to that of the other mgak
P1I/P1d and P2I/P2d. While the latter peaks emémgm the Li-Li interactions present in the
system, causing pronounced entropy profile feafl?88P3d does not behave like an order/disorder
transition. In the low Li occupation region, theofles approximate to an ideal solid solution on a
voltage scale distorted by a change in the intemaaf Li with the substrate, based on the physical

arguments in section 3.2.1.



3.3. Evaluation of parameters by comparing simdlated experimental results

Through quantitative comparison with experiment@/dV data, we can quantify values of the
coefficients,o andp, in equation 6. Relationships for dQ/dV for vatead andp, as a function of x,
are shown in Figure 7. Results from the two layedet are presented in Figure 7a-b. We derived
analytical expressions to describe a Langmuir emthwith anE’o term modified according to
equation 6. Full details of the derivation are preéed in the supplemental information. The key

relationship is that the electrochemical potent#k), of the modified Langmuir isotherm is

E(x) = —Ey + a(1 — Bx) exp(—Bx) + kT (log(x) — log(1 — x)), (9)

where peak P3I/P3d arises from the extra factqilof fx) present in the partial molar enthalpy

term (c.f. equation 8), giving rise to the smallake observed in Figure 5c, and observed

experimentally in Figure 2a. The entropic téefiflog(x) — log(1x)) is the same as the one from the

Langmuir isothermEangmuir

ELangmuir(x) = —Ey + a(1 — Bx) exp(—fx) + kT (log(x) — log(1 — x)). (10)

We define the differenc®(x), between the modified and standard Langmuir isaibeas

D(x) =E(x) — ELangmuir(x) = —a(1 — px) exp(—fx). (11)

In terms of output, we verified that this approxtioa is equivalent to taking the two layer model

with input parameterg = 0 and4 = 0, as shown in supplemental Figure S3-S6. Thigyuwif this

approximation is based on the observation thap#ingal molar entropy, as a functionxfdoes not

depend orx or # as shown in Figure 6d. As a consequence, the tmmaf peak P3I/P3d is not



substantially affected by the presence of the Lirteractions in the system. This allowed us to
evaluate the position of the P3I/P3d peak maxinxghrgver a wide range af andf values using

equations 9-11. Results from the thus modified Inaung isotherm are presented in Figure 7c-f.
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Figure 7. Results for dx/dV plotted as a functiboacupation, x. (a),(b): two layer Bragg-Williams
model with point term correction. (c),(d): resuliom analytical approximation to Langmuir

isotherm with point term correction. (e),(f) resaftsubtracting profiles (c),(d) from the uncorredt



dx/dV result from the Langmuir isotherm (red linegraph (c)). Inset of (e) and (f) shows the same

data over a narrower x range.

Comparing Figure 7a with 7c, and Figure 7b with @dnfirms that the relative positions and
magnitudes of peak P3I/P3d are not significantfieciéd by the presence, or absence, of the
order/disorder transition peaks P1l/P1d and P2I/Pa@k fact is consistent with the insensitivity of

the partial molar entropy over the relevant ranige andp values (c.f. Figure 6d).

To evaluate the change in occupation corresponttingeak P3, we subtracted the dx/dV result
obtained from the modified Langmuir isotherm, ddsel by equation 9, from the same result
arising from the standard Langmuir isotheun=(0), described by equation 10. This is equivalent to
taking D(x) as defined in equation 11 and numelgcdifferentiating the resultThese results are
shown in Figure 7e-f. The evolution of the peak/P3tl maximum positiony is shown in the
insets Figure 7e shows thag is virtually independent of the value @fwhenp is fixed. A much

greater variation ofyis found with respect t6 as shown in the right hand column of Figure 7.

We use &y~ 0p3(0p3= experimental peak P3I/P3d coverage = i@ 0ptain values ok andg from
the experimental peak coveragks, based on the approximate symmetry of the p&ikse the
model contains two unknown parametersand g, it is impossible to uniquely determine their
values just by comparing the simulated and experiatealues ok, anddps. As a final indicator of
these values, we can also compare the full widthrhaximum (FWHM) of the experimental and
simulated peaks, for all values whemg 2 6p3 This value gives an indication of whether the
effective interactions in the system are attractverepulsive; a half width < 90 mV is usually

assigned to attraction while FWHM > 90 mV is caated with repulsion [3]. Although the



computed value of FWHM = 5.8 mV suggests an apparactive interaction within the system,
the competing influences of the partial molar goyrand enthalpy in this occupation region require
further explanation as we shall show subsequertiput parameters consistent with the

experimentally determinex) and FWHM werex = -4.9 kKT ang? = 106, as shown in Figure 8.

L (a) === Experimental
30 P3 fit

-== Simulated
P3 fit

o 02 0.3

Voltage vs. Li (V)

Figure 8. (a) Experimental result for dQ/dV obtainduring delithiation. (b) Simulated result
within the 2 layer Bragg-Williams model, obtainedhwnput parameters = -4.9 kT ands = 106.
Fitting to the right hand peaks was achieved withaentzian peak in the program Fityk. The

resulting peaks possess the same FWHM of 5.8 mV.

Apart from a small voltage offset in the peak posit which could be attributable to a small
deviation from our empirical exponential relatioiggshequation 6, at the very low lithium
occupation of ¥ = 0.035, consistency between between the simowtemd experimental dQ/dV
results is obtained. Therefore the model witl= -4.9 kT andf = 106 captures the important

physical description of peak P3I/P3d, i.e. the peation fraction obtained from integration of the

peak, and its FWHM.



We now present thermodynamic arguments to expharidrmation of the peak. Using well-known

thermodynamic relationships

FE(x) = —u(x) = —=AG = —AH + TAS, (12)

where u(x) is the chemical potential of Li in the host adbaaher terms have been previously
defined. The formation of the features in the \gdtgorofile can be explained in terms of the
contrasting effects of theAH(x) and TAS(X) terms on the voltage profile, i.eAG(x). For clarity

the simulated results are plotted in Figure 9. Nimté&igure 9E, = 0 for ease of comparison of the
thermodynamic profiles, allowing the partial moéartropy and enthalpy to be shown on the same
energy scale. The two separate entropy and entielpg, at the right hand side of equation 12, are
shown in Figure 9a-b, while the simulated voltaggfife, i.e. the sum of the entropy and enthalpy
components, is shown in Figure 9c-@ihe corresponding@dV results are shown in Figure 9e-f.
At three points, indicated P1, P2, P3, the slop@/Afi(x) exactly opposes that oAH(X). In the
case of P1 and P2, associated with the order/disdransition, these points occur when the slopes
of —AH(X) andTAS(x) are both zero. However, for P3 this point doelsaxactly coincide with the
minimum in -AH(X), because of the continuously varying entropy tevith occupation x, as

clarified in Figure 9b.

We can therefore explain the thermodynamic oridithe plateau P3 (peak irQddV) as follows.

As we previously highlighted, the partial molarreply in the region of occupation of peak P3 can
be described as an ideal solid solution. Heregttteopic term will always cause the free energy of
the system to decrease when more Li is added teytem. Left of the peak maximum, i.e. ko«

Xo, the varying Li-substrate enthalpy term causes ¢hange to occur even faster with changing

resulting in the sharp decrease in voltage.xAgpproaches the peak maximurg, there is a



competition between the maximum in the partial meathalpy and the decrease in free energy
driven by increasing partial molar entropy. In othwrds, in the vicinity of the peak P3, the pdrtia
molar enthalpy term temporarily opposes any furtherease in occupation, while the partial molar
entropy term destabilises the system, favourinthéurfilling of the lattice. The net result of both
terms is a plateau in chemical potential, i.e. op@eouit voltage, and a peak P3 irQ/@V.
Thereatfter, the partial molar enthalpy term terms tconstant and the standard Langmuir (ideal
solid solution) filling of the lattice resumes uUntihe onset of the staging transitions. To a first
approximation the peak positiog is driven only by how fast the Li-substrate int#i@n changes
with occupation £) while the amplitude of the peak is affected bg strength of the interactian

as well ady g, as shown in Figure.7
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Figure 9. (a) Left axis:AH(X), right axis TASX), as indicated by arrows, from the two layer Bragg-
Williams model with (solid lines) = -4.9 kT ands = 106; (dashed linesy = 0 kT andg = 0. (c)
Voltage profiles, proportional toAG(x), from direct addition of the two profiles shown(a). (e)
dQ/dV profiles obtained from profile (c). Profil¢s), (d) and (f) correspond to (a), (c) and (e),
respectively but over a narrower range of x. Vatitines indicate the x values of plateaux in

voltage (peaks in dQ/dV), and are labelled alorgtthp row.

Conclusions

We can model a feature shown in experimental dQrelults and voltammograms at low Li
occupation, assuming a change in the Li-C intevacdt low Li occupation, which has been shown
elsewhere to arise from partial charge transfemfrio to the substrate. In contrast with the
order/disorder transition associated with the Sthge Stage Il transition at around 50 % Li
occupation, the transition at around 7 % Li occigmahas a distinct physical origin and does not
seem to have any relevance for the partial molaopy of the system. The latter remains that of an

ideal lattice gas.

The physical arguments were supported by a modehioh the Li-C interaction was parameterised
by an additional correction term with two paramgtén contrast with the usual assumption that this
interaction does not vary during intercalation. Tlaéies and signs of the parameters were clarified
by experimental data, i.e. entropy and enthalpyilprg, and dQ/dV. Although a peak in dQ/dV
arises when the interaction term increases or deesewith occupation, the physical interpretation
of the model and experimental enthalpy profiles gasg the point term increases with the
occupation (i.e. the host lattice becomes lesadive to Li as the occupation increases). In
combination with the 2 layer Bragg-Williams modehieh we previously developed, the complete

model permits an evaluation of all the major feasurobserved in electrochemical and



thermodynamic profiles from Li insertion in graghitWe showed that the voltage plateau at low Li
occupation, which is associated with a peak in ¥Q#dises due to the contrasting tendency of the
partial molar entropy to favour filling of the lat and a stabilisation of the system resultingnfro

the varying Li-substrate interaction.

This effect has important ramifications for the ralidg of lithium insertion at low Li occupation
into graphite. Previous work revealed the effectcgéling in the low Li occupation region on
graphitic surface structural damage. Based on d#tieai and experimental evidence, we have
highlighted in the present article that at low kcapation in the graphite lattice, dramatic changes
occur for the interaction between the adsorbatethadsubstrate. Thus, models that account for
these features are important for describing possbing induced changes on the relevant profiles

in the region of dilute lithium occupation.

We must acknowledge that the present mean fieldemisdstill a first-order approximation. In
future work we will complement these results withglations where lithium carbon interaction is
considered explicitly. Further, we aim to extend thodel to explain the charge/discharge hysteresis
observed in the electrochemical profiles duringidition/delithation in graphite, as a function of
different temperatures. In future studies we plardeéscribe the dynamic behaviour by using the

modified Hamiltonian within a kinetic Monte Carlp@roach.
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