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Cell voltage is a fundamental quantity used to monitor and control Li-ion batteries. The open cir-
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cuit voltage (OCV) is of particular interest as it is believed to be a thermodynamic quantity, free

of kinetic effects and history and, therefore, “simple” to interpret. Here we show that the OCV
characteristics of graphite show hysteresis between charge and discharge that do not solely orig-
inate from Li dynamics and that the OCV is in fact history dependent. Combining First-Principles
calculations with temperature-controlled electrochemical measurements, we identify a residual
hysteresis that persists even at elevated temperatures of greater than 50°C due to differences
in the phase succession between charge and discharge. Experimental entropy profiling, as well
as energies and volume changes determined from First-Principles calculations, suggest that the
residual hysteresis is associated with different host lattice stackings of carbon and is related to Li
disorder across planes in stage Il configurations.

1 Introduction

Graphite is ubiquitous as the primary anode material in lithium-
ion batteries and has been the subject of extensive research, be-
cause of its high capacity, long cycle life, low operating voltage
and high safety. Lithium (de)intercalation in graphite proceeds
through a variety of stages, denoted “Stage n”, where n is the
number of graphene layers between each lithium-filled layer™4.
The stages adopt different stackings in the carbon host lattice,
as shown in Figure[1] The nomenclature introduced elsewhere
denotes the carbon stacking and Li occupancies: periodic carbon
layer stackings along the [001] axis are designated by uppercase
letters separated by Greek lowercase letters if Li is intercalated be-
tween planes. For instance, pristine graphite (x =0) is AB stacked,
while fully lithiated Stage I LiCq (x = 1) adopts AaAaAa stack-
ing. Here o denotes a lithium filled layer and x is the fraction
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of Liin Li;Cg (0 <x < 1).
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Figure 1 Structural representations of different carbon stackings in ex-
perimentally confirmed stages of graphite. (a) Top down view of carbon
and lithium arrangements in Stages | and Il. (b-e): side views, showing
the layers occupied with Li and carbon stackings in (b) empty AB stacked
graphite, (c) AcABBB stacked dilute Stage Il, with § indicating a lithium
layer translated with respect to o, (d) AcAAoA Stage Il and (e) Aa
stacked Stage |. Green represent Li atoms while the brown indicate C
atoms.

Table[I]summarises the current consensus on the stages formed
during lithiation and delithiation of graphite, as obtained from in-
situ electrochemical X-ray diffraction (XRD) and neutron diffrac-
tion 2712 spectroscopic measurements1314 and X-ray ex-situ
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analysis of compounds obtained by heat treatment.

Table 1 Overview of carbon stackings and stoichiometries of lithium-
graphite stages from the literature, 1124151115417

Stage Stacking x in Li,Cg
Stage I AcAa x=1 (LiCg)
Stage II AcAAcA x=0.5 (LiC;3)
Dilute Stage II (IID) AaABPB x~0.33 (LiC;g)
Stage III AaAB/AdABAaAC  x=0.22 (LiCy7)
Stage IV Unknown x=0.17 (LiC3¢)
Dilute Stage I (ID) AB x =~ 0.083 (LiC72)
Graphite AB x=0

In the higher stages III and IV proposed based on electrochem-
ical and XRD measurements’2, the host lattice stacking is still
either hypothetical or disputed. Diffraction and electrochemical
dQ/dV features from these stages showed a complex temperature
dependencel8, The associated XRD peaks are broader, indicat-
ing less long range order, so those stages are less important for
interpreting the electrochemical behaviour than those indicated
in Figure

The measured open circuit voltage (OCV) is sometimes erro-
neously considered equivalent to the equilibrium potential. How-
ever, the OCV refers to the measured voltage without any exter-
nal current and so can drift with time. It is usually assumed that
given sufficient time, the OCV will relax to the equilibrium po-
tential, but meta-stable states can occur that show no variation
over experimental time scales of hours or even days.1220 The
true equilibrium potential is a thermodynamic quantity and is not
history dependent?l. A hysteresis between lithiation and delithi-
ation of the measureable OCV is observed even for Li/graphite
half cells 2712122525 gy g0esting that the measured full cell OCV
is not a simple function of the thermodynamic ground state. In
control-oriented models for Battery Management Systems (BMS),
small errors in OCV measurement can lead to large state of charge
determination errors. It is possible to model OCV hysteresis em-
pirically to account for these errors2®. The lack of a one-to-one
relationship between the OCV and the state of charge could lead
to incorrect battery management and control decisions, leading
to degradation and safety issues.

There is a clear need to better comprehend the measured OCV
hysteresis in graphiteZ122324/ and therefore the OCV of nearly
all commercial Li-ion cells. Larger hysteresis in graphitic anodes
is associated with greater turbostratic disorder or a random de-
viation from ideal AB stacking?22Z. Hysteresis has also been ob-
served in other carbon anodes such as hydrogen-containing car-
bons2€, mesoporous carbon microbeads?? and in cathode materi-
als such as lithium iron phosphate (LFP)12, excess lithium layered
cathodes®%31 CoP conversion materials®2 and proposed Na-ion
intercalation hosts®3. The cited works suggest an influence of
electrode nanosizing and host lattice disorder on the measured
voltage hysteresis. Therefore, an improved understanding of the
hysteresis mechanisms in graphite could also inform a better un-
derstanding of the origins of hysteresis in other intercalation and
conversion materials.

To clarify the role of kinetics of lithiation/delithiation, versus a
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true path dependency on the OCV hysteresis in graphite, extend-
ing the measurement relaxation time indefinitely is unfeasible.
Alternatively, the temperature can be varied to separate processes
by activation energy. Surprisingly, the temperature-dependence
of the OCV over a wider range than near room temperature (i.e.,
20-30°C) hasn’t attracted much attention yet. Varying the temper-
ature under OCV relaxation conditions also allows the entropic
and enthalpic origins of the OCV hysteresis to be separated 2332,
First-Principles calculations, such as the cluster expansions of dif-
ferent Stage I and Stage II compounds performed by Persson et
al.®% can also provide insights into the phase behaviour and ki-
netics of the staging phenomena. However, Persson et al. did not
explicitly consider the rearrangement of the carbon layers dur-
ing transitions between stages, motivating an extension of current
understanding through a combined experimental/theoretical ap-
proach.

We hypothesise that the experimentally observed OCV hys-
teresis between lithiation and delithiation in slow continuous
galvanostatic measurements and in galvanostatic intermittant
titration technique (GITT) experiments originates from differ-
ent carbon stacking pathways during lithiation versus delithia-
tion©11B536]  1n_sity XRD suggests Stage I - Stage II coexis-
tence for x > 0.5 within an AAAA stacked host lattice in both
cycling directions®€. Previous in-situ measurements have failed
to fully resolve the host lattice configurations for lithium filling
x < 0.58211237 " Therefore, a combination of carefully designed
experiments and ab-initio calculations is used to substantiate this
interpretation.

The paper is structured as follows. The measureable OCV is
thoroughly characterised through GITT experiments in both cy-
cling directions and as a function of temperature. From the tem-
perature dependence of the OCV, we show that energetic and en-
tropic contributions to the OCV differ depending on cycle direc-
tion. Supported by First-Principles total energy calculations, the
energetic contribution is attributed to carbon stacking differences,
with AA-type stackings persisting for x < 0.5 during delithiation.
The measured entropic differences, on the other hand, originate
from an increased amount of Li in formally empty layers during
delithiation resulting in additional configurational entropy.

The existence of meta-stable carbon stackings suggests a sig-
nificant activation energy for carbon layer shifts, which climbing-
image nudged elastic band (CI-NEB) calculations show to not ex-
ist in perfectly ordered Stage II configurations at O K. Rather, we
propose that the levels of residual Li occupying formally empty
layers alters the energy landscape of carbon stackings, resulting
in the persistence of meta-stable AA-type stackings for x < 0.5
during delithiation. Further evidence of a different stacking be-
haviour is provided by comparing previously reported experimen-
tal graphite volume changes dependent on cycling direction with
expected trends from Density Functional Theory (DFT) calcula-
tions.
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2 Methods

2.1 Electrode and cell preparation

Carbon working electrodes were prepared by a mixture of
graphite powder (particle size < 20um, synthetic, Sigma-
Aldrich), Super P carbon and polyvinylidene fluoride (PVDF) in
N-methyl-2-pyrrolidone (NMP) in a mass ratio of 93:5:2, respec-
tively. The slurry was then cast onto copper foil using a doctor
blade, dried and calendared to approximately 80-90 um thick-
ness to make the working electrode.

Stainless steel CR2032 coin cells were used for all measure-
ments. Cells were prepared in an Argon-filled glovebox ([H,0] <
0.1 ppm, [0] < 0.1 ppm) with Celgard separator and a 1 M LiPF
in a 1:1 wt/wt mixture of ethyl carbonate (EC) and dimethyl
carbonate (DMC) electrolyte. Working electrodes of 12 mm di-
ameter were punched out the film using a disc cutter. An over-
sized 16mm Li foil was used as counter and reference electrode
to mitigate effects from inhomogeneous lithiation. All voltages
are, consequently, reported with respect to metallic Li. Experi-
mental measurements were performed using aluminium heat ex-
changers, in direct thermal contact with the coin cells, which were
connected to a Julabo F12 refrigerated — heating circulator, allow-
ing direct control over the cell temperatures. This setup enabled
more rapid thermal equilibration of the cells than would be pos-
sible using a climate chamber. Temperature was monitored by
type-J thermocouples in direct contact with the heat exchangers.
A Keysight 34972A data acquisition system with multiplexer unit
was used for high resolution (22 bit) voltage and temperature
measurements, assisting post processing of entropy profile data.
Cell current and voltage was controlled by a BaSyTec CTS cy-
cler. A software interface between the data acquisition unit and
the battery cycler allowed real time measurement of temperature,
current and voltage to the required resolution. Data points were
recorded every 1 s. Further details of the setup can be found in
earlier publications®8-40,

All freshly assembled cells were subjected to a formation pro-
tocol before use: three full galvanostatic charge-discharge cycles
were performed at a rate of 37.2 mA/g (determined from the
active material mass of graphite) corresponding to a C/10 rate.
These cycles were performed between voltage limits of 0.050 and
1.500V, at a controlled temperature of 25°C. Similar procedures
have been used elsewhere*?4! and are intended to ensure stable
solid electrolyte interphase (SEI) formation and representative
cycling performance before performing the slower characterisa-
tion techniques described in the next sections.

2.2 Constant current/constant voltage protocols

All continuous galvanostatic, GITT and entropy profiling mea-
surements described subsequently were preceded by a con-
stant current/constant voltage (dis)charging protocol, designated
"CCCV (dis)charge", to ensure a consistent starting lithiation state
for each experiment. A CCCV charge consists of galvanostatic
delithiation at C/20 (18.6 mA/g) up to 1.5V, followed by at least
2 hours of polarisation at 1.5 V. A CCCV discharge starts with
galvanostatic lithiation at C/25 (14.88 mA/g) down to 0.005 V,
followed by at least 2 hours of polarisation at 0.005 V. The low

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D0TA10403E

C-rate here was designed to mitigate the risk of lithium plating so
close to 0 V, while allowing lithiation as close as possible to the
ideal LiCq structure (x = 1).

2.3 Determination of thermodynamic profiles
Relevant thermodynamic variables are defined here to ensure
consistency between experimental and DFT results in the follow-
ing sections and to ensure those results are compared on equiva-
lent energy and lithium concentration scales.

It is well known that the equilibrium cell voltage, ¢(x) and
chemical potential of intercalated Li, i (x) are related as

o) = ) — g

nF
where ,u{eif is the chemical potential of the metallic Li anode ref-
erence, which is defined as zero on our reference scale. n =1 is
the number of electrons transferred per LiCq formula unit, and F
is the Faraday constant. With a suitable choice of units for all po-
tentials (1 expressed in eV per formula unit), this can be written
much more simply as

€3]

0(x) = (). @

The intercalated Li chemical potential is defined by

9G(x) ) ( 9IG(x) )
= = ; (3
IJ (X) ( aNLl p)TyNhosl ax p:T;thl

where G = the absolute (i.e. extensive) Gibbs free energy, p =
pressure, T = the absolute temperature, My and N ; are respec-
tively the number of carbon and lithium atoms in the system. As
there is one Li atom per LiCq formula unit, with x expressing the
fraction of lithium in Li,Cq (0 < x < 1), i.e. x = NLi/(6Myost). G
is the Gibbs free energy per formula unit of 6C. The subscripts p,
T and Ny Will be implicitly assumed constant from now on and
dropped for simplicity.
Likewise it is well known that

dG(x) _ 0H (x) _TaS(x)
ox ox ox ’

4

where H(x) and S(x) are the enthalpy and entropy, respectively,
per formula unit of host material.

Assuming that the OCV, Egcy, measured at the end of the re-
laxation period for each x value corresponds to ¢(x), we can use
equations and [4 to get dG/dx = —Eocy. Then, taking the
derivative of the OCV with respect to T and using the chain rule,
we obtain

e (CORCD

However,
aS(x)\ _(JH(x)\ _
T( aT)_( oT )_C”" O

where C), is the specific heat capacity at constant pressure. Hence
we can simplify equation [5|to obtain
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d8(x)  dEocv(x)
ax ~  or )

and
IH(x) _ . 9Eocv(x)
ox oT

—Eocv (x). (8)

Due to the choice of units of eV per formula unit for the poten-
tials H(x) and T'S(x), i.e. as in the conversion between equations|[]
and 2| the usual factors of F have been omitted. All of the terms
in equations [7|and [8| are measurable using methods described in
section

2.4 Entropy profiling and open circuit voltage measurement

We used similar methods as in our previous work to obtain en-
tropy profiles under lithiation conditions=8#Y, The method is
akin to GITT, comprising alternating steps under galvanostatic
control followed by relaxation under open circuit conditions, but
in addition the temperature is varied during the relaxation period
and entropy is calculated from the gradient of OCV with temper-
ature. Measurements comprised iterative steps of galvanostatic
(dis)charge at C/25 followed by a total of 80 minutes of relax-
ation time.

All entropy profiling measurements were preceded by a con-
stant current/constant voltage (dis)charging protocol, designated
“CCCV (dis)charge”, to ensure a consistent starting lithiation state
for each experiment. A CCCV charge consisted of galvanostatic
delithiation at C/20 (18.6 mA/g) up to 1.5V, followed by at least
2 hours of polarisation at 1.5 V. A CCCV discharge started with
galvanostatic lithiation at C/25 (14.88 mA/g) down to 0.005 V,
followed by at least 2 hours of polarisation at 0.005 V. The low
C-rate here was designed to mitigate the risk of lithium plating so
close to 0 V, while allowing lithiation as close as possible to the
ideal LiCg structure (x = 1).

Entropy profiling in lithiation mode was performed in an itera-
tive procedure, where the current and temperature were changed
dynamically as outlined in Table [2| The central temperature, 7,
was varied as indicated in the results section. Entropy measure-
ments comprising iterative steps of galvanostatic discharge were
initiated by performing a "CCCV charge" step at 7 = T, + 3°C.
Each iteration was repeated until the cell voltage was less than
0.005 V, mirroring the cutoff voltage of the CCCV discharge pro-
cedure. State of charge, x, was obtained from normalising the
change of capacity from each galvanostatic step in Table [2]to the
total change of capacity obtained during the entire experiment.

Table 2 Conditions applied during each iteration of the entropy profiling
experiments. An example temperature profile at 7. = 25 °C is illustrated
for clarity in the right hand column.

Step Time  Temperature T’ Applied T
(min) (@) at T, =25°C
Discharge (C/25) 20 T.+3 28
OCat Ty 20 T.+3 28
oCatT 20 T. 25
OCatTs 20 T.—3 22
OCatT) 20 T.+3 28

4| Journal Name, [year], [vol.],1
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We also performed a set of measurements where profiles were
initiated from a "CCCV discharge" at T = T. +3°C, and the
graphite electrode was delithiated stepwise at C/25. These exper-
iments were cut off once the cell voltage reached a value greater
than 1.5 V. The temperature program in Table [2| was also used
here, except that step 1 was a charge rather than a discharge.

The target variable from the temperature program shown in
Table [2] is the slope of the open circuit voltage (Egcy) with re-
spect to temperature, i.e. (dEocv/dT), at constant x, as shown in
section[2.3] We applied the OCV background subtraction methods
developed in our previous work=8 to subtract the time-dependent
voltage drift and avoid excessive measurement times for each x
value.

2.5 Extracting configurational entropy

The experimental p.m. entropy profiles from section can be
further analysed to obtain the configurational entropy, Sconfig, Of
lithium in graphite. The total entropy naturally is a sum of con-
figurational, vibrational and electronic components424,

The electronic entropy contribution®24, which should not
vary much with x, can be neglected. However, Reynier et al.
showed the vibrational entropy, Sy;,, of Li in graphite to be sig-
nificant®2, Previous experimental®® and theoretical4® investiga-
tions also showed differences in the vibrational modes of Li in
the different Li-graphite stages. Fortunately, S;, can be estimated
by approximating the phonon spectrum with a single Debye tem-
perature for each vibrational mode#24748 (¢ f. the Supplemen-
tary Information for details). By taking the raw partial molar en-
tropy data as shown in Figure|3p and subtracting the vibrational
entropy component obtained for each x value, the partial molar
configurational entropy, dSconfig /9%, can be obtained, as shown in
Figure S4. Then by integration

Y=x 1 9Sconfig (V)
/ (0(37%) dx' = Sconﬁg (x) ~ S(x) - Svib(x)a ©)]
x'=0 X

we obtain Sconfg(x). The integration constant is Scongg(x = 0) =
0, because there can be no Li disorder in pure graphite.

2.6 Computational methods

Spin-polarized Density-Functional-Theory (DFT) calculations
were performed using the Vienna Ab-Initio Simulation Pack-
age (VASP)42752, The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation was used through-
out>3, The projector-augmented wave method was used to rep-
resent the core electrons®®. The valence electronic states were
expanded in plane-wave basis sets with cutoff energies of 450
eV. Periodic boundary conditions were applied in all three dimen-
sions. The force convergence criterion in structural optimization
was set to be 0.03 eV/A. A k-mesh of (12 x 12 x 7) was used
for AaB and AoA stacked hosts and a (11 x 11 x 3) k-mesh for
AaABBB stacked hosts. The DFT-D2 method was employed to ac-
count for Van der Waals interactions>, which faithfully describes
the key stage formations such as the stage-II and stage-I forma-
tions in this work.

Page 4 of 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta10403e

Page 50f 13

Open Access Article. Published on 27 November 2020. Downloaded on 12/7/2020 11:53:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

The cluster expansion method, implemented within the Alloy
Theoretic Automated Toolkit (ATAT)=957, was used to efficiently
sample low energy Li configurations within the respective carbon
stackings. The energy of a configuration was calculated within
Density-Functional-Theory using VASP. In lithiated graphite, the
stackings of AaBo, AdABBB and AaAa were used as the par-
ent lattices to sample configurations with prototype structures
shown in Figure S1. The cluster expansions of AA, AABB and
AB stackings were well converged after sampling 87, 126 and 58
different Li ordering configurations, respectively. For each cluster
expansion, the configurational degrees of freedom included only
Li sites, i.e. we froze carbon stacking degrees of freedom (while
allowing the lattice constant to relax) and confined calculations
to a small number of experimentally confirmed stackings, repre-
senting the Li-graphite stages shown in Figure [1| (more details of
the cluster expansion are available in the Supplementary Infor-
mation).

Consistent reference energies across hosts, AB-stacked carbon
(x = 0) and AA-stacked LiCg (x = 1), were used for all cluster
expansions. The formation energy, Ey was thus determined by

Ef = E(LiXC6) — (1 — X)E(C6) — XE(LiCﬁ)7 (10)

where E(LixCg), E(Cg) and E(LiCg) are the energies of the sam-
pled configuration, AB-stacked graphite (x = 0) and AA-stacked
LiCg (x = 1), respectively.

The climbing-image nudged elastic band (CI-NEB) method was
used to search for the transition states (TSs) of the structure trans-
formation, with three images considered between the initial and
final states>8:22,

3 Results

3.1 Open circuit voltage (OCV) variation with cycle direction
and temperature

Open circuit voltage (OCV) results from Li/graphite coin cells, as
obtained with the GITT variant described in section[2.4]are shown
in Figure 2| The lithium content x was calculated by normalising
the cumulative charge passed after each galvanostatic iteration to
the total charge passed during the entire experiment. The OCV
measured at the end of each relaxation period is plotted against
Li content x (x = Li concentration in Li,Cg) for lithiation (Fig-
ure ) and delithiation (Figure ) at different temperatures 7.
The same results are plotted in Figure [2k-f at fixed temperatures,
with lithiation and delithiation overlaid.

The electrochemical OCV behaviour at 7 = 25° +5°C, has been
well characterised elsewhere /2834122123160 and our results
are in good agreement. Briefly: a Stage I solid solution occurs for
x> 0.85. The interval 0.5 < x < 0.85 is ascribed to Stage I-Stage
II coexistencell289MII1437 with the flat voltage response typical
for a two-phase equilibrium. The observed step at x = 0.5 is at-
tributed to a transition from an ordered Stage II to a disordered
Stage [[D32:42144161162] The yoltage behaviour for 0.3 < x < 0.5 is
ascribed to Stage II and dilute Stage II coexistence >, Dilute
higher order stages III and IV approximating the behaviour of
a solid solution, give rise to the observed behaviour for x < 0.3.
However, the lowest voltage plateau at x ~ 0.05 is associated with
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changes in the electronic behaviour of graphite in a dilute Stage
I structure 123963 yalidated by the Knight shift observed from
operando nuclear magnetic resonance (NMR) measurements©,

Most of the lithiation profile (Figure [2h) is rather insensitive to
temperature changes. In particular, the plateau at about 0.085
V in the interval 0.5 < x < 1.0, shows negligible variation with
temperature, as expected for a first order phase transition. Like-
wise, there is no significant change of the measured OCV with
temperature for x < 0.25. However, the interval 0.25 < x < 0.5
shows a systematic decrease in cell voltage with increasing cell
temperature. Delithiation profiles, shown in Figure 2p, display
a more complex temperature dependence than the lithiation pro-
files. However, both data sets show a decrease in cell voltage with
increasing temperature. We return to this point in section[3.2]

The step at about x = 0.5 remains well defined above room tem-
perature, and the change in OCV with temperature reflects the
same trend as observed for lithiation: a decrease in OCV only
in the interval 0.25 < x < 0.5. At and below room temperature,
however, the profiles are sensitive to temperature over a broader
range of x. In particular, the feature at x = 0.5 becomes much
broader and extends further to higher lithium content.

Figure [2k-f show that a hysteresis of the measured OCV be-
tween lithiation and delithiation is observed at all investigated
temperatures. The hysteresis is smallest in the composition range
0.5 < x < 1.0, where the two curves appear to converge towards
the same value of OCV with an increase in temperature. The volt-
age separation between lithiation and delithiation is lowest at the
highest temperature, Figure [2k, between 0.5 < x < 1, and then
increases with lower temperatures.

The most important result for the subsequent analysis is that
the hysteresis between lithiation and delithation remains pro-
nounced even at 7 = 57°C for 0.05 < x < 0.5. For these com-
positions, a plateau is observed during delithiation that appears
more clearly resolved at higher temperatures and broadens out at
lower temperatures. A plateau is also observed during lithiation
(Figure in the same composition interval that appears most
defined at the lowest temperature and loses definition with an
increase in temperature.

3.2 Dependence of entropy and enthalpy profiles on cycle
direction

Partial molar (p.m.) entropy and enthalpy profiles, acquired using
the procedure described in section[2.4]are presented in Figure [3p-
b. Results were obtained by modifying the cell temperature dur-
ing the OCV relaxation period for each x value and determining
partial molar (p.m.) enthalpy (Figure [3p) and p.m. entropy (Fig-
ure [3p) by equations [§] and [7} respectively. The corresponding
OCYV profiles at the end of the relaxation periods are shown in
Figure[3k. Results are shown in Figure[3]such that addition of the
upper two curves gives -dG/dx (i.e. the OCV) in the lower curve.

Results obtained during lithiation, shown in Figure 3p-b, are in
good agreement with those obtained elsewhere by Reynier and
YazamiZ#244 Thomas and Newman® and us®?. Key features
of the lithiation profiles, labelled from right to left as 1-5 in Fig-
ure[3j, are commonly interpreted according to the phase succes-
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Figure 2 Experimental GITT results for (a) lithiation and (b) delithiation, at different temperatures, where the central cell temperature T, is presented
in the legend. Arrows indicate the direction of cycling. (c-f): the same results shown at fixed temperatures, in order of descending temperature (as

indicated), with lithiation and delithiation overlaid.

sion already discussed: 1: Stage I solid solution; 2: Stage I-Stage
II coexistence; 3: a transition from ordered Stage II structure at
x=0.5 to a disordered dilute Stage II for x < 0.57132142144; 4. Stage
11 - dilute Stage II coexistence; 5: a dilute feature at low Li occupa-
tion>? that shows a p.m. entropy response approximating a solid
solution and appears to have a distinct origin from a phase tran-
sition?. Further interpretation of the entropy profile features is
in the Supplementary Information, Figure S4.

There is a pronounced difference in entropy responses between
lithiation and delithiation for x < 0.5 as previously observed by
Allart et al.%3. The negative p.m. entropy value in this interval,
for both cycling directions, is also consistent with the observed
decrease in OCV with increasing cell temperature, as shown in
Figure [2h-b. The voltage of the lithiation and delithiation curves
decreases with temperature by a comparable order of magnitude,
and so the OCV hysteresis magnitude does not appear to change
significantly with temperature. Additionally, there is a difference
between the enthalpy profiles obtained from the two cycling di-

6| Journal Name, [year], [vol.],1

rections, Figure [Bp, suggesting there is both an entropy and an
enthalpy component to the hysteresis over a wide range of com-
position 0.1 <x < 0.5.

Feature 4 in Figure [3p shows a local maximum in the p.m. en-
thalpy, -dH/dx, in both cycling directions. The maximum, located
between x = 0.3 and x = 0.5, is more pronounced in the delithia-
tion direction than for lithiation. This trend is in agreement with
the variation in the OCV response, Figure [3k. The p.m. entropy
response, Figure[3p shows the opposite trend in this interval. The
difference between the measured OCV in each cycling direction
arises mostly from the p.m. enthalpy term, with partial cancel-
lation due to the TdS/dx term. The net hysteresis in the OCV
resulting from the enthalpy and entropy terms in this compos-
tion range is approximately 10 mV, in agreement with the values
shown in Figure [3.

Page 6 of 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta10403e

Page 7 of 13

Open Access Article. Published on 27 November 2020. Downloaded on 12/7/2020 11:53:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

T,=47°C (320 K)
| | |

_II|5| 1 4 |3| 2 1 1I— O ' 4 G
e L) LI ) L) ©
@
o
>
2
X
2
I
?
®)
0.10 ©
@
o
0.05 >
L
x
0.00 2
%))
[ge]
~
—0.05
T T T T |
- delithiation
N « lithiation  70.20
|
)
0.15 >
2
0.10 O
O
0.05
| 1 | | |
0.00 0.25 0.50 0.75 1.00
x in LiyCg

Figure 3 Profiles obtained at central temperature, T. = 47°C: (a) partial
molar (p.m.) enthalpy, (b) p.m. entropy and (c) open circuit voltage ob-
tained during lithiation and delithiation (black arrows indicate direction of
cycling), as a function of lithation degree x in LixCg. The y-axis T in (b)
is the absolute temperature expressed in degrees K, shown at the top of
the column. Labelled features 1-5 corresponding to the lithiation profiles
are referred to the main text.

3.3 Low temperature ground states from DFT

Figure |[4p shows the computed formation energies (Ey) of all
sampled configurations as a function of Li content. E; was de-
termined by equation To be consistent with the derived ex-
perimental quantities, normalised in eV per formula unit, the Ef
values are likewise normalised by 6N, where N¢ is the number
of carbon atoms in the unit cell. The energy landscape within
the AA stacking host is shown in blue, the AABB host in red, and
the AB host in pink. Thermodynamic ground-states within each
host are connected by lines, giving convex hulls for each host.
The overall thermodynamic ground-states result from a convex
hull construction over all data points (not shown). We find sev-
eral low energy orderings within the the AABB and AA hosts that
compete for overall thermodynamic stability.
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Figure 4 DFT calculations of ground state Li-graphite structures. Con-
vex hull showing the formation energies (units meV/6C) of ground states
from: blue line: stages | and stage Il with AA carbon stacking; red line:
dilute stage Il with AABB carbon stacking; pink line: other dilute stage
compounds with AB stacking. “str”: structures sampled by cluster expan-
sion; “gs”: ground state structures.

The results are consistent with the experimentally observed
stacking sequences as a function of x. The AA-stacked stages I
and II are favoured for x > 0.5; AABB stacking (dilute Stage II)
is favoured over AB or AA stackings at intermediate x, and AB-
stacked graphite is the ground-state for x — 0. It is also possible
to draw a common tangent between the respective convex hulls
for AABB and AA stackings (indicated by the red dashed line in
Figure ) reflecting the two-phase coexistence of dilute Stage II
and Stage II compounds. Finally, a similar common tangent con-
struction would be possible between AB and AABB stackings that
does not reflect experimentally confirmed two-phase equilibria at
low concentrations, which we attribute to us not considering the
Stage III and Stage IV compounds.

3.4 Thermodynamics of carbon stacking and cycle direction
Our experimental results have shown that the p.m. enthalpy de-
pends on cycling direction in the range 0.25 < x < 0.5, which we
propose is due to graphite retaining AAAA stacking during delithi-
ation well below x = 0.5 and only transitioning to the thermody-
namically favoured AABB stacking (and/or AB) at much lower Li
content. In the lithiation direction, on the other hand, the struc-
ture closely follows the AABB ground state configuration for ap-
proximately 0.17 < x < 0.5. Stacking transitions then occur during
the two phase coexistence interval between the AABB and AAAA
hosts. For x > 0.5, we expect the same AAAA carbon stacking in
both cycling directions for 0.5 <x < 1.

The scheme is visualised in Figure [Sh. This shows the com-
puted convex hulls for the AAAA and AABB-stacked systems. The
dashed lines indicate the slope of the formation energy with re-
spect to the Li concentration, x in the concentration range of in-
terest. This slope is a chemical potential for lithium intercalation,
U, by equation |3| However, because DFT calculations probe the
ground state energy, the presented formation energies exclude
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partial molar enthalpy.
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Figure 5 (a) lllustration of possible cycling pathways along the ground
state (gs) free energy curves presented in FigureE}a. The slope of the red
dashed line designates a chemical potential, pcr, which we propose is
followed during lithiation.. During delithiation, the AAAA-stacked structure
persists as lithium is extracted from the host lattice, corresponding to
chemical potential p44. (b) Results obtained from neutron diffraction (ND)
data. The average interlayer carbon distance, d, is shown as a function of
lithium concentration x. Reprinted (adapted) with permission from Fig. 1
of ref.12. Copyright 2020 American Chemical Society. d values obtained
from the AAAA and AABB-stacked DFT ground states from the present
work are overlaid for comparison.

Regardless, the scheme in Figure [Sh suggests a more negative
chemical potential if the structure follows an AAAA-stacked con-
figuration during delithiation for x < 0.5 than given by the AABB
to AAAA two-phase coexistence interval expected during lithia-
tion. By equation |2} this translates into a more negative partial
molar enthalpy, and therefore more positive OCV, during delithi-
ation than during lithiation, which is exactly the trend observed
experimentally as compared in Table (3} although the ab-initio
results predict a slightly stronger effect than experimentally ob-
served.

The quantitative enthalpy difference between theory and ex-
periment could be because of (i) systematic errors from the van-
der-Waals correction to the exchange-correlation functional used
in the DFT calculations and (ii) to the fact that we are comparing
0 K calculations to 320 K experiments. The experimental value
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Table 3 Comparison of experimental values obtained from partial mo-
lar enthalpy measurements with chemical potentials evaluated from DFT
calculations, in each cycling direction, at x = 0.41. The difference in val-
ues between lithiation and delithiation is compared.

Transition at x < 0.5 u (DFT) JdH /dx (experiment)
(eV per 6C) (eV per 6C)
Lithiation (1) -0.056 -0.150
Delithiation (d) -0.162 -0.179
Difference (I-d) 0.106 0.029

could also be different due to deviations from ideal carbon stack-
ing (turbostratic disorder), additional effects from interplanar Li
sites, as analysed quantitatively later, or other types of structural
defects.

The scheme is consistent with experimentally determined neu-
tron diffraction (ND) studies of the average interlayer carbon
spacing, d®212 Those studies suggest asymmetry in the forma-
tion of Stage IID during lithiation and delithiation. We compare
the results of in-operando neutron diffraction from the recent pa-
per of Didier et al.12 to the average interlayer carbon spacing, d,
of the ground state structures calculated by DFT. d values were
obtained by visualising the ground state unit cells within VESTA®
and determining the most intense peak from simulated powder
XRD patterns. The resultant d values are overlaid with the neu-
tron diffraction data from ref.1% in Figure . The region of inter-
est is higlighted in the dashed grey box.

Results in the Stage I region, and also for stages greater than
I, suggest that DFT systematically underestimates the interlayer
carbon spacing compared with experiment. Systematic differ-
ences between predicted and experimental d values were found
previously from DFT® but it is nonetheless instructive to com-
pare the trends between theory and experiment. In the interval
0.17 < x < 0.41, there is a slight gradual increase in d predicted
as a function of x, while d is predicted to remain almost constant
over the same concentration range in the AABB host. The same
decrease of d is seen in the experimental profiles obtained from
delithiation but absent in the opposite direction. We take this
as further evidence that the lattices remains in an AAAA-stacked
configuration as x decreases below 0.5 during delithiation.

The result in Figure Bl is used to compute voltage profiles. The
tangent between each point along the graph represents a chem-
ical potential, and so, by equations [2| and |3} corresponds to the
cell voltage at a given x. Results are shown in Figure [Bh-b.

The dotted lines in Figure [6h represent the voltage profiles ex-
tracted from the DFT data. The chemical potential of metallic
Li determined from DFT was used as a reference. These profiles
provide the enthalpy contributions to the voltage. The entropic
contributions, needed to model the experimental voltage profiles
at T = 320 K (shown in Figure E)])) were estimated as follows.
Two-phase coexistence was experimentally observed for x > 0.5
and this voltage plateau showed negligible temperature variation.
The experimental voltage profiles for lithiation for x < 0.5 resem-
ble those of an ideal solid solution over half the lattice sites, with
dS/dx described by equation S7. The plateau —ucr, denoted by
the red dotted line, describes the cell voltage, E(x,T), at T =0 K.
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Figure 6 (a): voltage profile obtained from Figure by following the
common tangent of the AAAA stacking profile (uaa) and the common tan-
gent indicated ucr between AAAA and AABB stackings. Bragg-Williams
solutions at 7 =10 K and T = 320 K are shown. The T = 320 K solution
represents the simulated delithiation profile. Lithiation profiles are simu-
lated as described in the text. Simulated profiles (solid lines in (a)) can
be compared with the corresponding experimental profiles (b).

The cell voltage at T =320 Kis given by E(x,T) = —uct+7TdS/dx.
The shapes of the simulated and experimental OCV curves in this
interval are in good agreement.

As for delithiation, we consider the voltage profile for AA-
stacking, denoted by the blue dotted line in Figure [6h. Previ-
ous work=? showed that the voltage profile can be approximated
by a Bragg-Williams (BW) model in which the largest term is a
repulsion between Li atoms in adjacent layers, A. The step am-
plitude between the two blue points at x = 0.5 from DFT, i.e. the
difference between the voltage plateau for x > 0.5 and the one
for 0.25 < x < 0.5, was used to determine A. A value of A =
103 meV, representing exactly half the amplitude of the DFT volt-
age step, was input into the BW model at 7 = 10 K. This profile
closely matches the DFT voltage profile. The delithiation profile
at T = 320 K can therefore be approximated by the BW model.

The validity of the configurational entropy corrections will be
assessed by performing further analysis in section 3.6

3.5 Energetic barriers for stacking shifts

The existence of meta-stable AAAA-stacked carbon during delithi-
ation would suggest activation barriers for transitioning between
AABB and AAAA stackings at intermediate Li concentrations. Oth-
erwise, AAAA configurations would not be meta-stable and spon-
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taneously convert to AABB as soon as x is small enough to ther-
modynamically favour AABB stacking. Based on the ground state
structures found from the cluster expansion, activation energies
for transitions between different carbon stackings were evalu-
ated through the climbing image nudged elastic band (CI-NEB)
method®822, In the CI-NEB calculations, a motif in the unit cell
was translated along a path, as represented in Figure

We found no relevant activation energy barriers for carbon lay-
ers shifting between AABB and AAAA stacking or AB and AA
stacking. A result is shown at a select concentration of x = 0.5
in Figure[7p. A full analysis over a range of x values can be found
in Figure S2 and S3 in the Supplementary Information. There
always exists a smooth, monotonous path connecting the ground-
state stacking to possible alternative carbon stackings without
a transition state. Therefore, energetic barriers to translate be-
tween different carbon stackings alone do not explain the hys-
teresis effect.

Figure indicates that AdAAaA stacking is energetically
favourable at x = 0.5, consistent with the ground states from the
cluster expansion (Figure [4). These ground states exclude ther-
mal excitations, which could transfer a small fraction of lithium
to the interplanar sites. Indeed, our cluster expansion within
the AAAA host suggests interplanar Li is energetically competitive
within this stacking atx =0.17 (points 2 and 3 in Figure[7c-d. Fig-
ure[7d, structure 3 shows that the AAAA ground state involves Li
occupying interplanar sites, while structure 1, the AABB ground
state and the overall lowest energy structure, shows Li occupying
only every alternate plane, because of the unfavourable Li site
environment between AB sheets.

Figure [7c shows CI-NEB energy profiles obtained at x = 0.17,
considering translations of the highlighted motifs in Figure
along the indicated path.

The absence of lithium in the interlayer of structure 1 leads to a
different qualitative energy change when the carbon layers tran-
sition from AABB to AAAA stacking (path 1 — 2 - uphill), than
when the layers transition with lithium present in the interlayer
(4 — 3 - downhill). The computed energetic difference between
3 and 2, the two different lithium arrangements within AAAA
stacking, is very small (approximately 5 meV/6C) and so is the
average interlayer carbon distance, d (3: d =3.46 A, 2: d =3.49
A.

Plausibly, the presence of interlayer Li sites in AAAA stackings
is an important factor determining the directional dependence
of the layer transitions and, therefore, the hysteresis observed in
OCV below x = 0.5. AAAA stackings could be stabilised by residual
interlayer Li that is more likely to be present during delithiation
than during lithiation, which could be a contributing factor to the
observed hysteresis at intermediate concentrations x < 0.5 even
without classical activation barriers for carbon layer shifts or con-
sidering possible barriers from overcoming interface energies.

In support of these statements, the proportion of these inter-
layer Li sites is assessed quantitatively in the next section.
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Figure 7 Climbing image nudged elastic band (CI-NEB) calculations of
layer translations. (a) Top down and side views representing the transition
from AABB to AAAA stacking in the host lattice. The entire highlighted
motif is translated along the indicated direction. (b) Energy profiles of
transitions between AABB to AAAA host lattice stacking obtained at x
= 0.5 (c) Energy profiles of stacking transitions at x = 0.17 using lattices
based on the AABB ground state (denoted as 1) and AAAA ground state
(denoted as 3), respectively. (d) Side views representing the carbon and
lithium orderings at the two end points of the path. In (¢c) and (d) the
notation indicates the lithium and carbon stackings at the two ends of the
CI-NEB path.

3.6 Interplanar site occupation

We performed further analysis the experimental entropy profiles
from section The configurational entropy, Sconfig, cOntains ad-
ditional information regarding the interplanar Li site occupation.
Sconfig can be extracted from the profiles shown in Figure using
the methods described in section 2.5

Results for S¢onfe @s a function of x are shown in Figure ,
which was obtained by applying equation [9 to the experimental
result for dS/dx obtained at T = 320 K, i.e. Figure [3p. The total
capacity of the Li/graphite cells was consistently found to be be-
low the theoretical one of 372 mAh/g. Therefore, we multiplied
x by a correction factor so that value of Sconfe at maximum lithi-
ation matched the dashed solid solution line corresponding to a
Stage I solid solution.

The Li occupation in each alternate layer can be considered in
sublattices n; and n, for a given x, with representative examples
shown in Figure -e, such that x = (n; +n;)/2. Solid lines in
Figure [8p-b indicate three hypothetical cases. The salmon pink
line denotes sequential filling of Li into two well-separated en-
ergy levels. This case, with Sconfg(x) described in equations S6
and S8, results in each alternate plane between the carbon sheets
being filled randomly with Li up to x = 0.5; only then the next
layer fills above x = 0.5. The dark grey line shows the result for
an ideal solid solution, equation S4 if Li were to fill all avail-
able sites at random, i.e. n; = ny for all x. The blue solid line
is the solution to a Bragg-Williams model®? (introduced earlier
in section assuming only nearest neighbour repulsive pair-
wise lithium interactions between planes of A =75 meV and no
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Figure 8 (a) Configurational entropy obtained at central temperature T

= 320 K: dark grey solid line: ideal solid solution; light blue solid line:
Bragg-Williams solution with interplanar mean field Li-Li repulsion of 75

meV; salmon solid line: sequential two level solid solution; red dashed
line: experimental lithiation; blue dashed line: experimental delithiation.
(b) Order parameter ||, as described in the main text, labelled as in (a).
In (a), select points (c-e) are indicated and schematic representations of
the lattice occupations of Li in levels nq (green balls) and no (blue balls)
are shown on the right.

in-plane interactions. The value A = 75 meV is quantitatively dif-
ferent from the value of A =103 meV determined from the DFT
analysis, but results in the same qualitative two-peak entropy be-
haviour inferred from experimental data. The model produces
a behaviour in Sconfg(x) intermediate between the solid solution
and sequential two level filling. At x = 1, there is a net repulsion
on each Li atom of 24, as represented in Figure[8f. Atx = 0.5, this
model results in one of the sublattices being preferentially filled,
as represented schematically in Figure 8. In contrast, a perfect
Stage II structure as predicted by sequential two level filling (Fig-
ure ) would result in Sconfig (0.5) = 0.

Experimental results for lithiation and delithiation, shown as
dashed lines, feature two peaks, with a local minimum centred
at x ~ 0.5. Both curves show a very similar value of TSconfg =~
10 meV per 6C at T = 320 K, indicating nearly the same lattice
configuration at x = 0.5.

It is beneficial to construct a “staging order parameter”, x(x) =
ny —ny, to quantify the interlayer Li disorder®”, which is plotted
in Figure . Formally, x(x) takes values between -1 and +1 but
only the absolute value is meaningful here. If | ¥(x)| = 1, then only
one layer is filled with Li, representing maximal staging order. If
x(x) =0, both layers are occupied with equal probability, disorder
is maximal and no staging is observed. The required occupations
of interplanar sites, n; and n, were obtained from Sconfg (x), using
equation S10 and applying a numerical procedure detailed in the
Supplementary Information.

As suggested by the previous results, the trend in order param-
eter |x(x)| is very similar between lithiation and delithation for
x> 0.5. At x = 0.5 both curves show nearly identical order pa-
rameters to the Bragg-Williams solution of |y (x)| = 0.8. However,
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there is a pronounced difference in the trend in |x(x)| values for
x < 0.5. The |x(x)| value for delithiation is always greater than
the value obtained during lithiation, indicating that greater con-
figurational order is obtained during lithiation. In fact the exper-
imental delithiation result closely resembles the Bragg-Williams
model, while |x(x)| values obtained for lithiation for x < 0.5 are
only marginally higher than expected for sequential two level fill-
ing.

The staging order parameter trends for x < 0.5 are consistent
with the carbon layer transitions and energetic trends predicted
from DFT. During lithiation only half of the layers are filled with
lithium in an AABB-stacked configuration, consistent with two
level filling. The energy level difference can be attributed to
the different Li environment between AA and AB sheets. During
delithiation, alternate layers are preferentially emptied by Li due
to repulsive interactions in an AAAA-stacked host, but the Li re-
pulsion is insufficient to prevent some Li staging disorder, which
we propose delays the transition to AABB-stacking. This result
provides further support for the statement from DFT regarding
the importance of interplanar sites to the observed hysteresis ef-
fect. It additionally provides insight into the origins of the hys-
teresis in OCV arising from the partial molar entropy term.

3.7 Kinetic origins of hysteresis

So far, we have not addressed the kinetic origin that could re-
sult in a metastable AA-stacking during delithiation. It is con-
sidered difficult for lithium to transition between carbon lay-
ers. Previous measurements of highly-oriented pyrolytic graphite
(HOPG) estimate an intralayer diffusion coefficient on the order
1076-10"7 em?s~!, compared with 1071110712 em?s~! across
the grain boundaries®®®. Interlayer lithium diffusion barriers on
the order 1-10 eV have been calculated from First-Principles©3170,
indicating that diffusion across ideal carbon planes does not oc-
cur, and that defects such as grain boundaries must be involved.
The metastable AA stacking could be retained during delithiation
due to the presence of interlayer Li, which is prohibitively diffi-
cult to transfer between the carbon layers at grain boundaries and
then finally extract. The timescale for conversion to the structure
corresponding to the equilibrium cell voltage (i.e. ¢(x) in equa-
tion|2)) appears not to be experimentally accessible during delithi-
ation, resulting in a different measured OCV value in each cycling
direction. The measurable OCV must therefore be considered a
distinct quantity from ¢ (x).

4 Conclusions

A residual hysteresis is observed in the measured open circuit
voltage (OCV) during lithiation and delithiation in graphite. The
hysteresis is not reduced even at temperatures 7 > 50°C. Ener-
getic and entropic components to the hysteresis were measured.
Energetic differences and volume changes from First-Principles
calculations suggest the system remains in metastable AAAA car-
bon stacking configurations during delithiation. More interlayer
Li disorder during delithiation was determined from measure-
ments, as expected for Li in AAAA-stacked configurations. No rel-
evant energetic barriers for transitioning between formal ground
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state stages were found from DFT. Instead, the interlayer Li sites
in Stage II configurations contribute to the hysteresis effect. In
combination with the enthalpy difference in each cycling direc-
tion, this entropy difference results in a net higher OCV during
delithiation. Increasing the temperature does not cause the lithi-
ation and delithiation OCV curves to converge to the same values,
since a temperature rise would increase the proportion of occu-
pied sites in the interlayer.

The work has implications for control of Li-ion batteries. The
open circuit voltage is often considered equivalent to the equi-
librium potential at each state of charge, i.e. lithiation fraction
in graphite. However, the present results reveal that the cycling
direction must also be taken into account under any practical tem-
perature or relaxation time. Models of the OCV used to determine
the state of charge in battery management systems (BMS) should
take history dependence into account. Due to differences in the
d-spacing with cycle direction, in-situ pressure or stress measure-
ments might be beneficial to augment BMS models=ZZL,

The entropy behaviour dependent on cycling direction of other
materials that are known to show hysteresis should also be ex-
plored. As an example, lithium iron phosphate (LFP) particles
have shown greater spatial heterogeneity during delithiation than
during lithiationZ%. The strategies are also relevant to under-
standing stacking sequence related changes in layered Li and Na-
ion intercalation hosts due to lattice invariant shear’Z374,
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