THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Thermodynamic Analysis and Interpretative Guide to Entropic

Potential Measurements of Lithium-lon Battery Electrodes
Sun Woong Baek, Muna Saber, Anton Van der Ven,* and Laurent Pilon*

Cite This: J. Phys. Chem. C 2022, 126, 6096-6110 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: This paper reviews and clarifies the fundamental thermodynamic
relationships relevant to the interpretation of potentiometric entropy measure-
ments on lithium-ion batteries to gain insight into the physicochemical
phenomena occurring during cycling. First, contributions from configurational,
vibrational, and electronic excitations to the entropy of an ideal intercalation
compound used as a cathode in a battery system are analyzed. The results of this
analysis are used to provide an interpretative guide of open circuit voltage
U,.(x,T) and entropic potential AU, (x,T)/0T measurements to identify
different mechanisms of intercalation, including (i) lithium intercalation as a
homogeneous solid solution, (ii) ion ordering reactions from a homogeneous
solid solution, (iii) first-order phase transitions involving a two-phase
coexistence, and/or (iv) first-order phase transitions passing through a stable
intermediate phase. These interpretations illustrated with experimental data for
different battery electrode materials including TiS,, LiCoO,, Li,/;3Tis/;30,,
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LiFePO,, and graphite electrodes with metallic lithium as the counter electrode. The systematic interpretation of U, (x,T) and
0U,.,(x,T)/0T can enhance other structural analysis techniques such as X-ray diffraction, electron energy-loss spectroscopy, and
Raman spectroscopy. The thermodynamic analysis and the interpretive guide will be instrumental in the discovery of new battery

materials.

1. INTRODUCTION

With the increasing demand for portable electronic devices and
electric vehicles, tremendous efforts have been devoted to
improving the energy and power densities, life span, and safety
of electrical energy storage systems.' > In this context, lithium-
ion batteries (LIBs) have received particular attention for their
high energy density and relatively low environmental impact.6
Improving the performance of LIBs can be achieved not only
by cell engineering but also with the discovery of new electrode
materials.”® The latter typically undergo dramatic changes in
lattice structure upon the insertion/deinsertion of Li* ions.
Some materials, such as TiS,, maintain their crystal structure
and form a homogeneous solid solution upon lithiation.” Other
materials undergo phase transitions during Li insertion and
removal. FePO,, for example, undergoes a first-order phase
transition from FePO, to LiFePO,, resulting in the coexistence
of these two phases during lithiation.'" Graphite, in contrast,
forms a stable intermediate phase during a first-order phase
transition, resulting in two separate two-phase coexistence
regions including one between LiC,, and LiC,, and the other
between LiC,, and LiCg.""

Over the past few decades, a number of analytical devices
and techniques, including in situ X-ray diffraction (XRD),"*~"
ex situ electron microscopy,' ™' electron energ-loss spec-
troscopy (EELS)," and Raman spectroscopy”’~ >~ have been
developed to investigate changes in the crystal structure of
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battery electrode materials during cycling. However, in order
to use such analytical methods, expensive equipment and time-
consuming sample preparation may be required. Alternatively,
the entropy measurement technique is a simple operando
method performed on coin cells using a conventional
potentiostat.23

Several entropy measurement techniques for battery systems
have been developed, including (i) potentiometric entropy
measurements,”” (i) electrothermal impedance spectrosco-

py,”> and (iii) sinusoidal temperature oscillation entropyme-
try. 26
open circuit voltage U, (x,T) with respect to temperature T
for a given lithium composition x, i.e., 0U,,(x,T)/dT, also
known as the entropic potential. While significant progress has
been made in measuring AU, (x,T)/0T, its interpretation
remains ambiguous.z‘*_30 In particular, it remains unclear as to
how characteristic features in the 0U,,(x,T)/dT curve as a
function of x are to be correlated with the occurrence of solid

These methods aim to measure the derivative of the
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Figure 1. Schematic of the ionic and electronic transport processes in a lithium-ion battery and redox reactions associated with the (a) discharging

and (b) charging processes.

solutions, order—disorder phenomena, and first-order phase
transformations within the electrode materials. There is,
therefore, a scientific need to revisit the interpretation of
entropic potential measurements to deepen our understanding
of physicochemical phenomena occurring in a battery system.

This paper aims to review and clarify fundamental
thermodynamic relationships in order to develop an
interpretative guide to U, (x,T) and 0U,,(x,T)/0T operando
measurements so as to gain insights into the different
physicochemical phenomena occurring in LIBs under different
charging/discharging scenarios. Phenomena of interest include
intercalation in homogeneous solid solutions, cation ordering,
first-order phase transitions accompanied by two-phase
coexistence, and first-order transitions with an intermediate
phase. The thermodynamic relationships are rigorously derived
and systematically illustrated with experimental data for various
LIB materials. The analysis starts with a rigorous treatment of
ideal intercalation compounds, which capture the first-order
contributions to U,.,(x,T) and 0U,,(x,T)/0T due to
configurational, vibrational and electronic excitations. Devia-
tions from ideality are then discussed in the context of
experimentally measured U, (x,T) and dU,(x,T)/0T curves
of important intercalation compounds.

2. ANALYSIS

2.1. Cell Open-Circuit Voltage and Entropic Potential.
Figure la and 1b show a typical LIB consisting of a metallic
intercalation compound MA serving as the cathode, a lithium
metal electrode serving as the anode, and a Li-ion based
electrolyte. The intercalation compound MA consists of a
transition metal M and an anion unit referred to as A. Figure
la schematically shows the direction of ion and electron
transport in a LIB during discharging. Then, the Li'-ions
intercalate into MA, the electrochemically active material of
the cathode, to balance the charge of electrons coming from
the oxidation of the metallic lithium anode according to’"**

Li —» (1 — x)Li + «Li* 4+ xe” (1)

Upon insertion of Li* ions in the cathode, MA transforms into
a lithiated compound Li,MA, according to3132

MA + xLi" + xe” - Li,MA (2)

The lithium composition x is defined as the fraction of the
number of intercalated lithium Ni; per number of host MA
units Ny, ie.,

N

1
X =

3)

Nyia
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Combining eqs 1 and 2 yields the overall reaction of the
battery system during discharging’ ">

MA + Li —» Li MA + (1 — «)Li (4)
The arrows in the above reactions are reversed during charging,
as schematically illustrated in Figure 1b.

Variations in the lithium composition x of the cathode
material during charging/discharging leads to a change in the
open circuit voltage of the battery. The open circuit voltage

U,.(x,T) of a Li* ion battery is related to fundamental
thermodynamic quantities of the electrodes according to the
Nernst equation’

ﬂLlNA(xl ) - ,LlLl(T)
e ()

where e is the elementary charge while ;7™ (x,T) and u;(T)
are respectively the Li chemical potentials of Li,MA in the
cathode and of metallic Li in the anode. The lithium chemical
potential y1i™*(x,T) of Li,MA is related to the Gibbs free
energy of Li MA according to

ocv(xl T) - =

Li,MA _ 0Gy; va(x, T) 3 agLixMA(x; T)Nys
p(x, T) = =
ONy,; Oox

Ox

ONy;
agLixMA(x’ T)

B Ox
(6)

where g; va(x,T) is the Gibbs free energy of Li,MA

normalized by the number Ny, of MA units. Furthermore,
the chemical potential of Li in the anode can be expressed as

0G(T)
oN,,

o GLl(T) o

(T) = =g (T
pi(T) a2 = () o
where the middle equality holds because the anode is a pure Li
metal, i.e, a single component solid. Here, eq 7 assumes that
the metallic Li electrode has macroscopic dimensions and that
contributions from surface energy can be neglected.’® In this
thermodynamic limit, the Li chemical potential of the anode is
a constant under isothermal and isobaric conditions.

By substituting eqs 6 and 7 into eq S, the open circuit
voltage U,,(x,T) of the battery can be related to the Gibbs free
energies of the two electrodes as
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Figure 2. (a) Schematic plots of Gibbs free energy g; \a(x,T), (b) chemical potential ,uI]:;‘MA(x,T) , (c) entropy sp; pa(x,T) of Li,MA, and (d) open

circuit voltage U, (x,T) and entropic potential dU,,,(x,T)/0T of the battery cell as functions of lithium composition x at temperature T when MA

forms a homogeneous solid solution upon lithiation.

og.. .. (x, T)

1| %Lima'\® o
[J;cv(x! T) = _; o - ng(T)

(8)

Based on Clairaut’s theorem, taking the derivative of both sides
of eq 8 with respect to temperature T yields

oy, (x, T) 1|0 agLixMA(x’ T) g’ (T)
oT © elox oT oT

©)

The temperature derivative of the Gibbs free energy, under

isobaric conditions, is related to the entropy s(x,T) according
35

to

og(x, T)

s(x, T) = — o

(10)

where both s(x,T) and g(x,T) are normalized per unit of MA
or metallic Li. Thus, it is possible to relate the temperature
derivative of the open circuit voltage to the entropies of the
cathode material and the Li anode according to

oy, (x, T) 1 dsLixMA(x, T)
T e Ox

= sp(T)
(11)

The partial derivative 0s; ya(x,T)/0x with respect to lithium
composition x of the entropy of the cathode sp; ya(x,T) per

unit MA of Li,MA is referred to as the partial entropy. Note
that s{;(T) is the entropy of the metallic lithium electrode
which is always positive and depends only on temperature; at
room temperature s;(298K) was reported to be 29 J/ mol-K.*

In the following sections, we qualitatively analyze how the
open circuit voltage U,,(x,T) and the entropic potential
0U,.,(x,T)/0T behave for intercalation compounds that (i)
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intercalate Li as a homogeneous solid solution, (ii) undergo
ion ordering upon intercalation, (iii) undergo a first-order
phase transition involving a two-phase coexistence, and (iv)
exhibit a series of first-order phase transitions with stable
intermediate phases. These interpretations were illustrated
with experimental data collected for this study for different
battery electrode materials including TiS,, LiCoO,,
Li,/3Tis;;0, LiFePO, and graphite electrodes with metallic
lithium as the counter electrode. Here, U,,(x,T) and
0U,.,(x,T)/dT of TiS,, LiCoO,, and graphite electrodes were
measured with the custom-made setup described in ref 23 and
in the Supporting Information, along with the experimental
procedure. However, measurements for U, (x,T) and
0U,,,(x,T)/0T for cells consisting of LixTi5/3O437 and
Li FePO,'" electrodes and metallic lithium counter electrode
were obtained from previous studies.

2.2. Intercalation in Homogeneous Solid Solution.
2.2.1. Introduction. Layered materials such as TiS,” and
LiCo0,"*** have been widely investigated as Li-ion battery
electrode materials. They form homogeneous solid solutions
and maintain their crystal structure over large intervals of Li
concentration. These layered materials consist of a stacking of
two-dimensional transition metal sulfide or oxide sheets that
are held together by van der Waals forces in the absence of
Li.*”*" Li* ions can intercalate into the vacant sites between
the two-dimensional sheets of the host. The Gibbs free energy
guima(%,T) of an intercalation compound Li,MA that forms a

homogeneous solid solution upon lithiation is a convex
function with respect to the lithium composition x as
schematically illustrated in Figure 2a. In addition, Figure 2b
illustrates that the lithium chemical potential ﬂﬂ"MA(x,T) of
Li,MA monotonically decreases with increasing lithium
composition x for a homogeneous solid solution. Figure 2¢
schematically plots the entropy sp;ya(x,T) of LiMA as a

https://doi.org/10.1021/acs.jpcc.1c10414
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function of the Li composition. For a solid solution, s;; ya(%,T)

is a concave function with respect to the lithium composition
«. Finally, Figure 2d plots the open circuit voltage U,.,(x,T)
and the entropic potential U, (x,T)/0T of the battery for a
host material MA that forms a homogeneous solid solution
during Li insertion. Overall, lithium intercalation in a
homogeneous solid solution is characterized by a monotoni-
cally decreasing U, (x,T) and 0U,,(x,T)/dT with lithium
composition x.

The insertion of Li into Li,MA alters a variety of properties
of the host material, including its lattice parameters, electronic
structure, and vibrational frequencies. In general, Li ions within
the host also interact with other Li ions, with the strength and
nature of these interactions determining whether the
intercalation compound favors a solid solution, a series of
ordered phases, or a state of two-phase coexistence. Before
considering real intercalation compounds where such inter-
actions are present, important insights can be generated by
studying the electrochemical properties of ideal intercalation
compounds, defined as compounds in which interactions
among Li ions and between Li and the host can be neglected.
An ideal intercalation compound serves as a useful model to
obtain bounds and to identify first-order trends of various
thermodynamic quantities.

The Gibbs free energy of a solid arises from a variety of
electronic and atomic excitations. There are three important
sources of the Gibbs free energy in an intercalation
compound.”"** One emerges from configurational degrees of
freedom associated with all possible ways of arranging Li ions
and vacancies over the interstitial sites of the intercalation
compound.”® A second contribution arises from vibrational
excitations involving both the host ions and the Li ions.** A
third is due to electronic excitations, assuming a variety of
forms, as described later. While it is generally not possible to
disentangle these contributions for real solids, for ideal
intercalation compounds, it is possible to express the total
Gibbs free energy of an ideal intercalation compound as a
simple sum of these three contributions, i.e.,

glx, T) = g”"”f(x, T) + gVib(x, T) + gel”(x, T) (12)

where g‘””f (x,T), g"ib(x,T), and g‘l“(x,T) are the configurational,
vibrational, and electronic Gibbs free energies, respectively, of
the compound. Based on eq 10, the entropy can also be
expressed as the sum of individual contributions according to

(13)

The following sections derive expressions for the entropy of an
ideal intercalation compound associated with configurational
s"(x,T), vibrational s"®(x,T), and electronic s (x,T)
excitations. These expressions are then used to shed light on
the behavior of the entropic potential 0U,,(x,T)/dT of the
battery.

2.2.2. Configurational Entropy,

s(x, T) = sw"f(x, T) + s"ib(x, T) + sd“(x, T)

cv

conf

siima(x,T). The configura-
tional entropy of an intercalation compound, Li,MA, exhibiting
a solid solution is bounded by the ideal solution configurational
entropy expressed as”

S T) = —kglx In() + (1 =) (1= 0] (1)
The configurational entropies of stoichiometric LIMA and MA
are equal to zero (i.e., s, = 0 and si7% = 0) since no disorder

exists among Li ions and vacancies when all Li sites are fully
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filled (x = 1) or completely empty (x = 0). It is also interesting
to note that this contribution is independent of the material
MA. Figure 3a plots %% (x,T) of Li, MA predicted by eq 14 as
a function of lithium composition x, and featuring a maximum
at half-filling or x = 0.5.
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Figure 3. (a) Calculated configurational entropy Sﬁf{AA(x;T) of Li,MA

[eq 14] and (b) configurational entropic potential oUW (x,T)/dT of
the battery cell [eq 15] as functions of lithium composition x for an
ideal homogeneous solid solution Li, MA.

The configurational entropy of a real intercalation
compound is always smaller than the ideal solution entropy
since interactions among Li ions lead to some degree of short-
range order and therefore a lowering of the entropy. There are
also instances when the Li ions and vacancies adopt a long-
range ordered pattern at a specific stoichiometric composition
characterized by a supercell periodicity.** Then, the configura-
tional entropy for an ordered phase exhibits a minimum in the
form of a cusp at the stoichiometric ordering concentration, as
discussed later.

Finally, since the configurational entropy of the metallic Li
anode vanishes, the contribution to the entropic potential from
configurational excitations for an ideal solid solution simplifies
to

https://doi.org/10.1021/acs.jpcc.1c10414
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con conf here g%, (T) is the vibrational free energy of the host without
U (x, T 1 Osisa(x, T) k where ghiy : gy
m();, ) = — L’MaA ’ =_2 ln(%) Li [eq 17] and gﬁb (x,T) captures the contributions to the
€ x e —x

(1)

Figure 3b shows that the configurational entropic potential
OUY(x,T)/0T decreases monotonically for an ideal homoge-
neous solid solution Li,MA upon lithiation.

2.2.3. Vibrational Entropy, s"°(x,T). In general, the
vibrational entropy is a function of the lithium composition
x due to the change in the number of Li ions and to changes in
the nature and strength of bonds between the host ions as Li
intercalates into the crystal. It can be quantified using the
harmonic approximation and depends on the stiffness of
interatomic bonds within the compound.**

The vibrational Helmholtz free energy fi%(T) of the host
intercalation compound MA at constant volume v can be
expressed as an integral over all phonon-mode frequencies

according to*
w In(1 hoo /KTy | qyib d
T +In(1-e ) () dw
B

(T) = kBTwa[
(16)

Here, # is the reduced Planck constant, and D"(w) is the
phonon density of states corresponding to the number of
vibrational normal modes per unit cell of the intercalation
compound with a frequency @. It is determined from the
phonon dispersion relationship and, in general, depends on
volume. By definition, the Gibbs free energy giy(T) is the
characteristic potential at constant pressure of compound MA
and is related to the Helmholtz free energy fm(T) according
to

vib h

MA

gua(T) = fun (T) + Po(T) (17)
where v(T) is the equilibrium volume per unit cell at the
imposed pressure P. Then, the vibrational entropy siiy (T) can
be extracted from the vibrational Gibbs free energy using eq
10.

A change in the lithium composition of the intercalation
compound MA can affect its vibrational free energy in two
ways. First, the insertion of Li ions into MA introduces
additional vibrational modes, three for each inserted Li ion.
Second, a change in the lithium composition x affects the
stiffness of the bonds of the host intercalation compound. For
example, the redox processes on the transition metals that
accompany variations in x often lead to some degree of
rehybridization between the transition metals and the
anions,*®*’ which in turn affects the stiffness of their bonds.

As with configurational entropy, it is useful to consider the
vibrational entropy for an ideal intercalation compound. With
respect to vibrational excitations, we define an ideal
intercalation compound as one that accommodates Li without
changing the vibrational spectrum and the phonon density of

states D"™°(w) of the host MA. Furthermore, we assume that
the vibrational spectrum of the Li ions can be approximated by
the Einstein model with a characteristic frequency wy;
independent of the overall lithium composition and volume
of the host. Under these assumptions, the vibrational Gibbs
free energy g/\a(x,T) of Li,MA can be expressed as

vib

Ernn(® T) = g (T) + g7 (x, T)

(18)
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vibrational free energy from Li vibrations in interstitial sites of
the MA host. Assuming a constant characteristic vibrational
frequency wy; for Li, g7 (x,T) can be written as

hoy;

2 + kgTIn(1 — e~ "ou/kTy |y

g{ih(x, T)=3

(19)

This expression emerges when imposing the approximations of
ideality as previously defined in the evaluation of the
vibrational partition function, as shown in Supporting
Information. Combining eqs 10, 18, and 19 yields the
expression of the vibrational entropy

vib vib
sLixMA(x) T) = sya(T)
®,. -0,/T
- 3kB 111(1 - e_®L‘/T) - —Llei_@/,r X
T 1-en (20)
where ©;; = hw;;/ky. This expression shows that the

vibrational entropy of an ideal intercalation compound is a
linear function of the lithium composition x, as plotted in
Figure 4a. Figure 4a also shows that both the magnitude and
the slope of s{\s(x,T) decreases with increasing @y;.

The contribution from vibrational excitations to the entropic
potential for an ideal intercalation compound can be written,
using eq 11, as

aUvib T
70”’6(;’ ) =1 SkB[ln(l — ¢ Ou/T)
e
G')L’ e_G)Li/T o,vib
- ————= | +s"(T)
T 1—e®/T) " (1)

where s7(T) is the vibrational entropy of metallic Li. Here,
st (T) disappeared upon differentiation with respect to the
lithium composition x. Experimentally, the average vibrational
frequency wy; of metallic Li was measured to be on the order
of 10" Hz from slow-neutron scattering.’® An effective
vibrational frequency for metallic Li can also be estimated
when assuming that the entropy of metallic Li is dominated by
the vibrational entro}pgf. This leads to an effective frequency @,
of 5.8 X 10" Hz.® Figure 4a shows that the vibrational
entropy sﬁb wma(%T) of Li,MA linearly increases with lithium
composition x. Thus, the entropic potential dU"%(x,T)/dT of
the battery cell is independent of x (Figure 4b). In real
intercalation compounds, the insertion of Li into the host
introduces a composition dependence to the host vibrational
entropy sy (x,T) that does not cancel upon differentiation
with respect to x. Furthermore, even when applying a simple
Einsten model for the vibrational excitations of the intercalated
Li ions, it is unlikely that the Li vibrational frequency wy;
remains independent of x. Hence, in real intercalation
compounds, the contribution from vibrational excitations to
0U"(x,T)/OT features a composition dependence. In binary
systems, the variation of the vibrational entropy with
composition x is generally assumed to be linear.*""*
However, to the best of our knowledge, detailed studies to
quantify the extent with which s, (T) differs from zero in
intercalation compounds have not yet been performed.

Overall, the vibrational entropy s{¥y(x,T) of an ideal

homogeneous solid solution was shown to increase linearly
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Figure 4. (a) Vibrational entropy si’f’ wma(%T) of Li,MA [eq 20], and
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[eq 21] as functions of lithium composition x for an ideal solid

solution Li MA.

with lithium composition «, leading to a vibrational entropic
potential dU""(x,T)/0T that is independent of w.

2.2.4. Electronic Entropy, s¥*(x,T). The entropy contribu-
tion s%(x,T) due to electronic excitations can have a variety of
forms. The entropy of itinerant electrons is generally small and
negligible.”> However, the entropy of intercalation compounds
that exhibit distinct redox states that are localized on the
transition metals can be sizable and is a type of configurational
entropy that emerges from the many different ways of
arrangin% distinct oxidation states over the transition metal
cations.” If transition metals are magnetic, an additional
configurational entropy may exist in association with the many
possible ways of ordering local magnetic moments over the
transition metal sites.”* > These configurational degrees of
freedom associated with localized electronic states can exhibit a
lithium composition dependence.

For itinerant electrons, the electronic entropy can be
expressed as’/

(x, T) =~k [17(€) Wl Fe)]

+ [1 = F(e)] In[1 — F(e)]ID%(e) de (22)
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where F(€) is the Fermi—Dirac distribution and Z)elec(e) is the
electronic density of states per unit cell. The electronic entropy
depends on the shape of the electronic density of states

Z)elec(e) and the position of the Fermi level €. The Li ions that
intercalate into the compound generally donate their electrons
to the host, thereby affecting the position of the Fermi level.
The presence of Li and the donation of electrons to the host
also modify the band structure and therefore affect the
electronic density of states. Thus, Li ion intercalation
introduces a composition dependence to the electronic
entropy of the intercalation compound.

Based on eq 11, the electronic entropic potential
0U?(x,T)/0T can be expressed as

ocv

elec

aUd“(x, T) 1 aSLixMA(x) T)

ocv
oT

o,elec
— s (T
dT B Li ( )

(23)
o,elec

where s07“(T) is the electronic entropy of the metallic Li
anode. When the density of states of body centered cubic Li is
calculated from density functional theory, s3¢*(T) evaluates to
0.16 J/mol-K (see the Supporting Information). In order to
further investigate the shape of asfffMA(x,T)/ 0T, it is again
convenient to introduce the concept of ideality with respect to
electronic excitations. We define an ideal intercalation
compound as one whose electronic density of states are
unaffected by the intercalation of Li. The only effect of Li
insertion is to raise the Fermi level e; This is equivalent to
assuming a rigid band model.”” While this assumption of
ideality simplifies the analysis considerably, some degrees of
freedom still remain with respect to the shape of the electronic
density of states.
elec

The electronic density of states Dy, (€) could be constant

as a function of the electronic energy €. In this scenario, the
electronic entropy sffj\m(x,T) of LiMA and the electronic
entropic potential dU%(x,T)/dT would be independent of the

lithium compositionoc;c (see the Supporting Information).
Other simple shapes for D¥(e) are also possible such as a box
shape and a square-root dependence on €, as schematically
illustrated in parts a and b of Figure S, respectively. The
composition dependence of the electronic entropy silf:MA(x,T)

for these density of states curves are shown in parts ¢ and d of
Figure S. Note that for a box-shaped density of states, the area
under the differently proportioned boxes are all equal to one
electron per unit cell of host material. Figure Sc shows that the
magnitude of the electronic entropy for the differently

proportioned box-shaped D%(e) increases when the width
of the boxes become narrower. Likewise, the magnitude of the

electronic entropy for D%*(¢) with a square-root dependence
on € having different constant prefactors increases with

increasing magnitude of D*“(¢) (Figure 5d). These results
show that the electronic entropy is sensitive to the shape of the
electronic density of states. parts e and f of Figure 5 show the
electronic entropic potential QU (x,T)/dT corresponding to
box-shaped and square-root-shaped density of states, respec-
tively. In both cases, the magnitude of OU(x,T)/dT is
negligible compared to that of the vibrational and configura-
tional entropic potentials modeled in the previous sections.
2.2.5. Summary. For an ideal intercalation compound, the
entropy can be expressed as the sum of individual

contributions derived in previous subsections (eq 13). Figure

https://doi.org/10.1021/acs.jpcc.1c10414
J. Phys. Chem. C 2022, 126, 6096—6110


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10414/suppl_file/jp1c10414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10414/suppl_file/jp1c10414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

Feature Article

pubs.acs.org/JPCC

(@)

w
L

0 +
0.0 0.5 1.0 15

Energy, ¢(eV)

Density of state, D% () (State/eV/f.u)
S
(%]

g
=}

(©

o
t
L

x

Entropy, sfi5ia(x.T) (J/mol-K)

05 1.0
Lithium composition, x
0.10 T

©

0.05 q

o
=]

o
=)

0.00 +

-0.05+

Entropic potential, oU, /0T (mV/K)

-0.10 +
0.0 0.5 1.0

Lithium composition, x

Entropic potential, 0U, /0T (mV/K)

o

5
w
t
L

00 02 0.4 06 08 1.0
Energy, €(eV)

20 T

Density of state, DfieG, (<) (State/eV/f.u)

i

Entropy, s{!%(x, T) (J/mol-K)

0.0 u

05 1.0
Lithium composition, x
0.10 .

4
=)

0.05

-

0.00 +

-0.10 +
0.0 0.5 1.0

Lithium composition, x

Figure S. (a) Box-shaped and (b) square-root-shaped density of state Delec Ma(€) of LiMA as functions of electric energy €. Electronic entropy

sflfj\,IA(x,T) of Li,MA corresponding to (c) a box-shaped Delec ma(€) and (d) a square-root-shaped Z)elec Ma(€) and electronic entropic potential

AU (x,T)/0T of a battery cell for (e) a box-shaped Z)iejv[A(e) and (f) a square-root-shaped

ile “a(€) as functions of lithium composition «.

6a shows the calculated entropy associated with configurational
s‘L"l"{,lA(x,T), vibrational sﬂh wma(x,T), and electronic seLf:MA(x,T)
excitations predicted respectively by eqs 14, 20, and 22, as well
as the entropy of the LiMA electrode, ie., spya(%,T) =

SCL”:{AA(x,T)ﬂL’lX (x,T)+sELlf:MA(x,T). Here, the vibrational fre-
quency @y; was taken as 10" Hz. The Einstein model and the

square—root—shaped electronic density of state D**(¢) were
used to estimate sj; bl T), and stMA(x,T), respectively.

elec

Figure 6a illustrates that s{i§;a(x,T) is relatively small
compared to s} {,[A(x,T) and sy}, b a(x,T). Furthermore, the
trend of s;; ya(x,T) is mostly governed by s""(x,T) so that it

increases with increasing lithium composition x.

Moreover, Figure 6b shows the calculated entropic potential
associated with configurational OULY(x,T)/0T, vibrational
U (x,T)/0T, and electronic OU%*(x,T)/0T excitations
predicted respectively by eqs 15, 21, and 23 as well as the
battery entropic potential dU,,,(x,T)/dT. Here, 0U"%(x,T)/0T

is independent of lithium composition x and is negative due to

6102

the Li metal counter electrode. Likewise, OU™(x,T)/dT is
approximately constant and its magnitude is negligible
compared to that of dUY(x,T)/dT and oU%(x,T)/dT. The
trend of the 0U,,(x,T)/dT curve is dominated by dU™¥(x,T)/
OT. Overall, an ideal intercalation compound forming a
homogeneous solid solution is characterized by monotonically
decreasing 0U,,(x,T)/dT with increasing lithium composition
x.

2.3. lon Ordering from a Homogeneous Solid
Solution. It is common for the guest cations of an
intercalation compound to order at specific stoichiometric
compositions. For example, the Li ions and vacancies of
layered Li,CoO, adopt an ordered arrangement at x = 0.5'>**
while the Na ions of Na,CoO, form a devil’s staircase of
orderings over a range of compositions.58 Guest cation
ordering generally leads to spontaneous symmetry breaking
and the emergence of a superlattice with some sublattices
preferentially occupied by the guest cation and the others
For most ordering reactions, the symmetry
In this section, we

remaining vacant.*
breaking can be detected with diffraction.'”
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Figure 6. (a) Calculated entropy associated with configurational
sﬁf’}&A(x,T), vibrational sLlMA(x,T), and electronic sﬁfe;AA(x,T)

excitations as well as the entropy of the LiMA electrode, ie,
sLiXMA(x,T) = si‘:f{,[A(x,T)+5L11MA(x,T)+sffjv[A(x,T). (b) Calculated
entropic potentlal associated with conﬁguratlonal oU(x,T)/ 0T,
vibrational dU"?(x,T)/dT, and electronic dU“(x,T)/0T excitations
as well as the entropic potential of the battery, ie., 0U,(x,T)/dT =
U/ (% T)/0T + Uiy (x,T)/0T + 0Us;(x,T)/0T.

explore how an ordering reaction manifests itself in the
entropic potential U, (x,T)/0T.

While the emergence of an ordered phase arises from
interactions among the guest cations, the entropy of an
ordering reaction can also be explored with a simplified model
that neglects such interactions. By introducing sublattices with
different guest ion site energies, it is possible to extend the
ideal solution model to one that exhibits features of common
ordering reactions. The intercalated Li will then selectively fill
the more favorable sublattice sites first, before filling the less
favorable sites. We consider a model where interactions
between Li ions are neglected, but where half the sites form a
sublattice that hosts Li at a lower energy (sublattice 2) than the
other half of available sites (sublattice 1). It is convenient to
introduce sublattice concentrations x; and x, tracking the
fraction of occupied sites on sublattice 1 and 2, respec-
tively.””*® The overall Li concentration is related to the
sublattice concentrations according to x = (%, + x,)/2 when
the number of sites on the two sublattices are equal.
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The free energy of an ideal intercalation compound with two
sublattices can be expressed as

(x, T) = gMA(T) + € + €%,y

8riMa
+ kpTlx; In(x) + (1 — %) In(1 — ;)]

+ kgT[x, In(x,) + (1 — x,) In(1 — x,)] (24)
where €, and €, are sublattice site energies such that €, > ¢,.
These energies may be temperature-dependent if vibrational
excitations are accounted for. The ideal solution entropy
measures the configurational entropy of noninteracting Li ions
on each sublattice. The free energy model has one independent
variable at fixed Li concentration x. Since Li can freely
distribute between the two sublattices, one of the sublattice
concentrations, e.g., x, is an independent variable while x, is a
dependent variable such that «, 2x x,. Under
thermodynamic equilibrium, x; adopts the value that
minimizes the free energy (eq 24). It is the equilibrium
value of x; that must be inserted into eq 24 to obtain the
equilibrium free energy and all its derived properties, including
the Li chemical potential and the entropy (see the Supporting
Information). The thermodynamic properties of this model are
sensitive to the relative values of €, and €,. The parameter 6 =
€,/€, can be used to model different scenarios. Figure 7a shows
the lowest Gibbs free energy gi; va(%,T) as only a function of x

for different values of 8 = €,/€,. When 6 = 1, we recover the
ideal solution model without any sublattice site preference.
Then, the minimum free energy as a function of x occurs for x;
= «x, = x such that the equilibrium free energy of eq 24 reduces
to that of an ideal solution. A value of 8 = ¢,/€, > 1 leads to a
Li preference for sublattice 2 when €, and €, are both positive.
Increasing 6 leads to an increased degree of segregation to the
more favorable sublattice and to a step in the open circuit
voltage U, (x,T) at x = 0.5, as illustrated in Figure 7b. The
step occurs when the more favorable site becomes fully
saturated and additional Li ions are required to fill energetically
less favorable sites. The resulting ordering around x = 0.5 leads
to a dip in the entropy s;; ya(%,T), as evident in Figure 7c.

Figure 7d shows that the battery entropic potential 0U,,(x,T)/
0T exhibits an inflection point at x = 0.5 in the models that
undergo a strong ordering reaction.

Although we have considered an idealized model to
elucidate the effect of ion ordering on the entropy and the
entropic potential, similar features are evident in real
intercalation compounds that undergo order/disorder reac-
tions. Both Li,TiS, and Li,CoO, are examples of intercalation
compounds that exhibit ordered phases. Layered Li, TiS, forms
a solid solution for most values of x but undergoes a staging
reaction around x & 0.2, whereby Li segregates to every other
Li layer.”*” Figure 8a shows experimental measurements of

U,.(x,T) and U, (x,T)/0T for a battery system with a TiS,
working electrode and a lithium metal counter electrode
during lithiation. The electrolyte consisted of a mixture of 1 M
of LiPF4 with ethylene carbonate (EC) and dimethyl carbonate
(DMC). The trend of the measured U, (x,T) and 6 U,.,(x,T)/
0T were in a good agreement with the literature.” The open
circuit voltage U, (x,T) exhibited the characteristic shape of a
solid solution above x ~ 0.4. While a pronounced step at x ~
0.2 was not directly evident in U,,(x,T), the entropic potential
0U,.,(x,T)/0T featured a fluctuation in the form of a tilde due
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to the occurrence of stage ordering analogous to that of Figure

7d for the ideal model.

Li,CoO, is another intercalation compound that exhibits an

12,48

ordered phase. Here, the Li ions of Li,CoO, can occupy
octahedrally coordinated interstitial sites that form two-
dimensional triangular lattices. At x = 0.5 the Li ions adopt
an ordered arrangement in which they line up into rows
separated by rows of vacancies within each layer.'” Figure 8b
shows U,,(x,T) and 0U,,(x,T)/0T measured for a battery
system consisting of a LiCoO, working electrode and a lithium
metal counter electrode with 1 M of LiPF4 in an EC/DMC
mixture as electrolyte during delithiation. Here also,
0U,.,(x,T)/0T featured a tilde-shaped fluctuation similar to
that observed in the TiS, electrode (Figure 8a) due to the
intralayer ion ordering in the range of 045 < x < 0.55.45,60
Even though the trends of both U, (x,T) and 0U,,(x,T)/dT
were in a good agreement with those reported in previous
studies,”**>°! the magnitude of 0U,,(x,T)/0T in the ion
ordering region (0.45 < x < 0.55) varied among studies.”**>*!
This effect can possibly be due to the different C-rates used
since intralayer ion ordering is sensitive to the kinetics of ions
transport within the active electrode material.*® In addition to
an ordering reaction, Li,CoO, also underwent a first-order
phase transformation from a metallic solid solution at x = 0.75
to a semiconducting solid solution at x = 0.93, as confirmed
with in situ XRD measurements.'” This was also evident in
both the 0U,,(x,T)/dT and U,,(x,T) curves, which were
almost constant for 0.75 > x > 0.93. The next section analyzes
the behavior of 0U,.(x,T)/0T during a first-order phase
transformation.

2.4, Phase Transition Accompanied by a Two-Phase
Coexistence Region. An intercalation compound MA may
undergo a first-order phase transition, as observed at the high
lithium compositions in Li,CoO,, from a lithium-poor a-phase

https://doi.org/10.1021/acs.jpcc.1c10414
J. Phys. Chem. C 2022, 126, 6096—6110


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10414?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Feature Article

(@

— gLima(x,T) |

Gibbs free energy, g(x,T) (eV)

1
1
1
i
a
Lithium composition, x

—suima(x,T) |

Entropy, s(x,7) (J/mol-K)

Chemical potential, u(x,T) (eV)

Entropic potential, 0U,,,/0T (mV/K)

1 ®

— M (1)

4 '"Two-phase coexistence! ]
LigMA! LigMA+LigMA I LigMA
1

!
g
X

!
a
Lithium composition,

I I _aIUocu(xu'T)/ aT |
_Uacv(x: T)

1@

Open circuit voltage, U, (x,T) (V)

;
;
:

B

X

Lithium composition,

Figure 9. (a) Schematic plots of Gibbs free energy g; ya(%,T), (b) chemical potential ,uﬂ‘MA(x,T), (c) entropy sp; va(x,T) of Li,MA, and (d) Open

circuit voltage U, (x,T) and entropic potential U, (x,T)/0T of the battery cell as functions of lithium composition «x at temperature T during a
first order phase transition accompanied by a lithium poor phase Li,MA coexisting with a lithium-rich phase Li;MA.

to a lithium-rich B-phase upon the insertion of Li. During such
a phase transition, both the a- and S-phases coexist. Figure 9a
schematically shows the Gibbs free energies gLiaMA(T) and
gui,ma(T) of coexisting phases. The common tangent

construction determines the equilibrium concentrations of
the two coexisting phases. The free energy of the two-phase
mixture resides on the common tangent between the lithium
poor phase Li,MA with composition @ and the lithium rich
phase Li;MA with composition f3. Thus, the Gibbs free energy
guima(@ < x < B, T) in the two-phase coexistence region can

be written as

gLixMA(a <x<p, T) = gLi,,MA(T)
N gLif,MA(T) - gLiaMA(T)
p—a (28)

The Li chemical potential uiMNa < x < B, T) of the host
material Li, MA in the two-phase coexistence region is then
given by

(x —a)

(a<x<p,T)
o0x
Sun(T) = &pa (1)
p—a (26)

Thus, (o < x < §, T) remains constant in the two-phase
coexistence region, as illustrated in Figure 9b.
Figure 9¢ shows the entropy s;; ya(%,T) of the host material

%1 ma

pM @ < x < B, T)

as a function of lithium composition x. The coexisting a- and
P-phases are treated as solid solutions such that their entropies
exhibit the characteristic dome-shaped curves of a solid
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solution. Here, the entropy of the a-phase was arbitrarily
chosen to be smaller than that of the B-phase. Here also, the
entropy of the two-phase mixture resides on the chord
connecting sp; ma and sp;ya-

The open circuit voltage U,,(a < x < f, T) in the two-

phase coexistence region can be expressed as

(D) = 8 (1)
(a<x<p,T)= _1 Sipva 8Li,Ma
e B—a

U

- g,(T)

(27)

Thus, the corresponding entropic potential in the two-phase
coexistence region is given by

SLi/,MA(T) - SLiaMA(T)

p—a

ocv

oT

(@<x<p T) =" —s3(T)
e

(28)
U

Overall, these results indicate that both U,,(x,T) and
0U,,(x,T)/dT are constant and independent of x in the two-
phase coexistence region, as illustrated in Figure 9d.

To illustrate the predicted behavior of U, (x,T) and
0U,.,(x,T)/0T given by eqs 27 and 28 in a two-phase
coexistence region, Figure 10a shows experimental measure-
ments for a battery system consisting of a Li,/;Ti;,;0, working
electrode and a lithium metal counter electrode with 1.2 M of
LiPF4 in an EC/DMC electrolyte as a function of the lithium
composition x during lithiation.”” EELS and in situ XRD
measurements indicated a first order phase transition from
spinel L%£3Tis/304 to rock salt Li,/;Tis;30, during lithia-
tion.'”*”** In fact, Figure 10a shows that both U, (x,T) and
0U,,,(x,T)/0T were constant for a = 4/3 < x < 7/3 = §,
indicating the coexistence of the two phases Li,3Tis;;0, and
Li; 5 Ti 50,

https://doi.org/10.1021/acs.jpcc.1c10414
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Figure 10. Open circuit voltage U, (x,T), and entropic potential
0U,,(x,T)/0T as functions of lithium composition x in (a) Li,Tis;;O,
(data retrieved from Figure 2 in ref 37), and (b) Li,FePO, (data
retrieved from Figure 6 in ref 10) during lithiation.

Similarly, Figure 10b shows U, (x,T) and 0U,.,(x,T)/dT for
a battery system consisting of a FePO, working electrode and a
lithium metal counter electrode in 1 M LiPF¢ in an EC/DMC
electrolyte during lithiation.'” Here also, electron energy-loss
spectroscopy and in situ XRD measurements indicated a first
order phase transition from FePO, to olivine LiFePO, during
lithiation.”*~®° Figure 9b shows that both U,,(x,T) and
0U,.,(x,T)/0T were constant for 0 < x < 1. This observation
was consistent with eqs 27 and 28 for the coexistence of FePO,
and LiFePO, phases. In summary, a first-order phase transition
accompanied by two-phase coexistence is characterized by
constant U,.(x,T) and 0U,.(x,T)/dT, as illustrated exper-
imentally for Li,;Tis;;0, and LiFePO,.

2.5. Two-Phase Coexistence with a Stable Intermedi-
ate Phase. Some intercalation compounds, such as graphite,
pass through a stable intermediate phase by means of first-
order phase transitions upon Li insertion. Figure 11a shows
schematic Gibbs free energy curves for an intercalation
compound MA that has a stable intermediate y-phase with a
composition between that of the dilute a-phase and the
lithiated B-phase. The stability of the intermediate y-phase
leads to two two-phase regions as shown in Figure 11a by the
common tangents between @- and y- and between y- and f-
phases. The two common tangents result in two plateaus
separated by a step in the Li chemical potential curve as
schematically shown in Figure 11b.
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Figure 11c schematically shows the entropy as a function of
Li concentration for the different phases that can form upon Li
insertion into MA. Two distinct scenarios are possible based
on the value of the entropy of the intermediate y-phase relative
to that of the a- and f-phases. In Case I, s;; yia lies above the

chord connecting s;; \a and sp; s, as illustrated in Figure 11c.

This scenario can be expected when the intermediate phase is a
solid solution, which generally exhibits its highest configura-
tional entropy at intermediate concentrations. In Case II, the
entropy si; ma Of the intermediate y-phase falls below the chord

connecting sp; pa and sy . This is more likely to occur if the

intermediate phase corresponds to an ordered phase exhibiting
a minimum at the stoichiometric ordering concentration.
Figure 11d shows the associated open circuit voltage U,,(x,T)
and the entropic potential dU,,,(x,T)/dT as functions of the
lithium composition x. In both cases, U,,(x,T) and
0U,,,(x,T)/0T feature two plateaus for a < x < yandy < «
< p and a step around x = y, as observed previously for
ur™(x,T) (Figure 11b). However, in Case I, 0U,,(x,T)/0T is
larger in the coexistence region of Li,MA and Li,MA (a<x<
7) than in the coexistence region of LiyMA and Li,MA (y <«
< B). By contrast, in Case 11, dU,,(x,T)/0T is smaller for a <
x < ythan fory < x < f.

Figure 12 shows U, (x,T) and 0U,,(x,T)/dT measured for
a battery system consisting of a graphite working electrode and
a lithium metal counter electrode in 1 M of LiPF, in an EC/
DMC during lithiation. Three regions can be identified from
the measured U, (x,T) and 0U,(x,T)/0T: (I) a homoge-
neous solid solution in the range of 0 < x < 0.25 with
monotonically decreasing U, (x,T) and 9U,,(x,T)/0T, (1) a
two-phase coexistence of LiC,, and LiC, in the composition
range 0.25 < x < 0.5 with constant U,,(x,T) and 0U,,(x,T)/
0T, and (I1I) a two-phase coexistence of LiC,, and LiCy in the
range of 0.5 < x < 0.8 with constant U, (x,T) and dU,,(x,T)/
OT. These three regions were also identified with in situ XRD
measurements and density functional theory (DFT).**”% The
latter also identified multiple stable phases in the lithium
intercalation diagram of graphite in region I (x < 0.25) but
some of these phases have not been observed experimentally
possibly due to the formation of solid electrolyte interphase
(SEI) upon cycling below 1 V vs Li/LiJr.ég’69 Furthermore,
both measured U, (x,T) and 0U,,(x,T)/0T in region II and
III were in good agreement with previous experimental studies
while some deviations were evident in region 1.°%%97° This
difference can be attributed to not only the formation of SEI
layer but also to different structural disorders in the carbon
materials.”’ The magnitude of dU,,,(x,T)/dT showed sharper
features for well—%raphitized carbon compared with disordered
carbon structure.”” The entropic potential measurements for
graphite are consistent with Case II described above. The
result indicates that the intermediate LiC,, phase has an
entropy that falls below the chord that connects the entropies
of LiC,, and LiCj.

v

3. CONCLUSION

This study reviewed and clarified the fundamental thermody-
namic relationships and properties of lithium-ion battery
systems having intercalation compounds as their electrochemi-
cally active cathode material. Expressions for the open circuit
voltage U, (x,T) and entropic potential 0U,,(x,T)/dT of LIB
cells were rigorously derived for ideal intercalation compounds.
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0U,,(x,T)/0T as functions of lithium composition « in Li,Cs during
lithiation.

They were used to develop an interpretative guide to
potentiometric entropy measurements of Um(x,T) and
0U,.(x,T)/dT as functions of lithium composition x for
different charging/discharging mechanisms. For an ideal
homogeneous solid solution, contributions from configura-
tional, vibrational, and electronic excitations to the entropy of
an ideal intercalation compound were numerically calculated to
estimate the first-order behavior of 0U,,(x,T)/dT of a battery
consisting of an intercalation compound as its cathode. The
analysis suggests that general trends of 90U, (x,T)/0T of a
homogeneous solid solution are dominated by configurational
entropy, which leads to a monotonically decreasing U,,(x,T)
and 0U,,(x,T)/0T with increasing lithium composition x. An

ocv
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ion ordering reaction over a subset of energetically favorable
interstitial sites is characterized by a tilde-shaped fluctuation in
0U,,,(x,T)/0T versus x. Furthermore, a first order phase
transition accompanied by two-phase coexistence manifests
itself as a constant U,,(x,T) and 0U,,,(x,T)/AT. Finally, a two-
phase coexistence with a stable intermediate phase leads to a
monotonically decreasing U,,(x,T) curve upon lithiation that
is characterized by two plateaus separated by a step. The
0U,.(x,T)/0T curve for this scenario also exhibits two
plateaus. However, depending on the entropy of the
intermediate phase, the second plateau can either be higher
or lower than the first plateau. These interpretations were
systematically illustrated using experimental data for various
cathode materials. The present interpretative guide can
enhance other structural analysis techniques and can prove
valuable in the characterization of new battery materials.
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