Chapter 2
Predicting Materials’ Performance

Boris Ravdel

Abstract One of the most vital challenges in lithium-ion battery engineering and
manufacturing is related to the accurate prediction of cell’s performance in vari-
ous conditions (operating and storage temperature range, cycling rates, prolonged
cycling, etc.). Macro-kinetic modeling of the processes occurring in the cell made
tremendous progress during recent years. At the same time, substantial lack of data
on intrinsic kinetic parameters, such as diffusion coefficients, exchange current,
and their dependence upon lithium content in the solid materials restrains imple-
mentation of modeling. A practical approach to determining the proper form of the
kinetic equations is presented in this chapter. This approach is based on interpreta-
tion of electrochemical measurements with respect to the structure of the electrode
materials, and establishing the kinetic parameters, taking into account the connec-
tion between thermodynamic functions and kinetic parameters. The methodology
refuses employing the concept of thermodynamic activity, but intensively uses
empirical data of open circuit potentials (OCP) of the battery electrodes at varying
degree of charge (DoC) measured at various temperatures. These data can also be
useful for better understanding and prediction of most favorable voltage range for
prolonged battery cycling life, and decrease the risk of catastrophic failures related
to overtaxing the battery’s active materials. Several examples of practical accom-
plishments of this approach are included in this chapter.

2.1 Editor’s Note

For the reader, whose everyday “use” of electrochemistry is limited to the rather
utilitarian consideration of simple formulas and approximated processes ongoing
in the electrochemical cell (myself included), the following chapter may at first
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seem challenging. However, the included information is well worth the effort of
brushing up on the principles and applications of fundamental electrochemistry.

Simply, the derivations presented here and in the related cited literature as well
as the proposed experimental approach have direct use in speciality lithium-ion
cells. The described analyses and their results have already assisted in fielded
products with tens of thousands of delivered cycles (Fig. 2.1).

Another possible use of this material for the interested reader relates to the
topic of lithium-ion cell modeling, which relies on similar foundations to the
equations presented below, which are explicit despite being simplified. The sim-
plification was done to convey the general concept; further reading is certainly
encouraged.

2.2 Introduction: Macro and Intrinsic Kinetics

Generally, the electrochemical reaction is a heterogeneous, multi-step process. These
steps can be consecutive or parallel; they can include homogeneous chemical reac-
tions, transport processes, adsorption phenomena, crystals’ nucleation and growing,
as well as formation of new phases, etc. However, one essential step, always required
to occur in the electrochemical reaction is the electron transfer through the electro-
Iyte solution-electrode phase boundary. Thus, the electronic conductivity of at least
one phase is crucial for the reaction to proceed. The overall reaction can involve sev-
eral electrons; the electrons being transferred simultaneously or stepwise. In the latter
case, other steps sometimes take place between the electron transfer steps.

Text Box 2.1 Heterogeneous reactions [1]

Heterogeneous reactions constitute a class of chemical reactions where the
reactants are components of two or more phases (solid and gas, solid and
liquid, two immiscible liquids), or in which one or more reactants undergo
chemical change at an interface, e.g., on the surface of a solid electrode.

An example of the simplest (in the sense of the number of kinetic parameters)
electrochemical reaction is reduction of silver ions (Ag™) from a dilute aqueous
solution of a well soluble silver salt (e.g., nitrate) in the presence of excess of
an indifferent salt (e.g., potassium nitrate) on a liquid silver-mercury alloy (also
called amalgam) electrode. Besides the transfer of a single electron, only diffusion
steps are involved in this process. The entire reaction can be very well modeled
and the kinetic parameters are determined experimentally with high level of accu-
racy. The information gleaned while analyzing the mechanism of silver ion reduc-
tion can be used in elucidating more complex, multi-step, multiphase processes,
such as the electrochemical reaction in a lithium-ion cell.
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Z may contain lithium and the stoichiometric indices in the explicit formula can be
fractional (Text Box 2.2).

Text Box 2.2 Comments on selected moieties found within lithium-ion
cathodes

The term moiety in this text refers to the functional group of atoms found within
the formula of electrode material. An example of the moiety Z (as in LixZ) is the
(Lip.45C00,) group in the Lig 55(Lip45C00,) notation of LiCoO, formula. The
notation gives information on the content of mobile lithium in the compound.

Many partially lithiated (i.e., when x < 1) active materials in lithium-ion cells
can be considered as solid solutions of mobile lithium (guest) in the host mate-
rial—Z. Such host—guest material can be described by the similar set of ther-
modynamic equations as these used to characterize an amalgam. However, the
mechanism of electrochemical reactions proceeding in a real cell is much more
complex than in the case of the reaction of silver amalgam formation. There are
many factors complicating the overall process:

e porous structure of the electrodes,
e low electron conductivity (as a rule) of the active material,
e presence of alien materials such as polymer binder and conductive diluents.

As the result, the basic electrochemical relationships binding the rate of the
electrochemical reaction with the electrode potential are insufficient for the com-
plete description of the cell processes. Instead, rather sophisticated macro-kinetic
models have been developed. On the other hand, all models require quantitative
data on several kinetic parameters. In the simplest case, it is enough to know the
rate constant of the charge transfer step, or exchange current (EC), and diffusion
coefficients (DC) in solid phase and electrolyte solution, assuming that both EC
and DC depend on concentration.

Another term frequently used in modeling of electrochemical processes is
polarization. Polarization, i.e., the shift of electrode potential from equilibrium
state, is commonly employed as the driving force of electrochemical reaction.
Consequently, the quantitative description of the discharging and charging pro-
cesses in lithium-ion cell requires the knowledge of the equilibrium potential (EP)
of electrodes as functions of degree of charge and temperature. In conventional
electrochemistry, Nernst equation is used to determine the EP at given concentra-
tion and temperature. However, no general type of the dependence of EP on con-
centration and temperature is known or even suggested for lithium-ion electrode
materials. Therefore, for all new cell chemistries (e.g., the active electrode materi-
als described in Chap. 1) these relationships must be determined experimentally.

The overreaching aim of the work described here was to establish a general-
ized description of the processes in lithium-ion cell that would apply regardless of
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the exact chemistry of cell materials or nonequilibrium conditions. The approach
taken in this publication relied on experimental observations, and the ultimate goal
was the practical application. The application of this chapter would be the predic-
tion of the complex electrochemical behavior of materials in an actual lithium-ion
cell, based on the specific, easy to measure set of parameters.

In the course of this chapter, the simplest path of the overall process (diffusion,
charge transfer, diffusion) is discussed, established by using phenomenological
approach and focusing on the practical applications. Some conceptual challenges
persist even at this simplified level, and are enumerated in the following text. The
developed approach is applicable not only to the lithium-ion electrodes, but also to
all electrochemically active solid phases (EASP).% In the following sections, the
term EASP refers to a solid substance capable of electrochemical reduction or oxi-
dation by species from another phase. Usually, the other phase is a liquid solution,
but the participation of a second solid phase is possible. Oxidation or reduction
processes involve changing the composition, as well as chemical and physical
properties of EASP due to passing electricity through the EASP/solution boundary.
It is important to note that the electrochemical and some accompanying chemical
reactions in solid phase proceed at nonsteady-state conditions.

The interest in the analysis of the dependencies of equilibrium potential on
composition of cathode materials for lithium-metal cells appeared in the late-
1970s [2-8] where phase composition and phase transitions of oxides and hal-
cogenides of transient metals upon lithiation were discussed. The usefulness of
the simultaneous scrutiny of the equilibrium potential together with its tempera-
ture coefficient was first proved in several works [9-13] published soon after.
The approach to the calculation of kinetic parameters using the thermodynamic
data, which is the subject of this chapter, has been proposed [14—16] later. In early
2000, new interest in the method has arisen, both in the thermodynamics of the
processes within the electrodes for lithium-ion cells [17-22] and in the connec-
tion between thermodynamic functions and kinetic parameters [23]. In the series
of recent works, M. Bazant [24] described the development of the fundamental
theory of electrochemical kinetics and charge transfer applied to lithium iron
phosphate (LFP).

2.3 Thermodynamics of Solid Electrodes

The knowledge of EP and the EP’s dependence on electrode active material’s
composition at various temperatures is essential for calculations in the field
of applied electrochemistry. Moreover, the EP (¢) is directly proportional to
the Gibbs energy (AG) for the electrochemical reaction, and EP’s temperature

2 The application of concepts discussed in this chapter can be extended onto alloy electrodes
where insertion processes can occur, to electrochemical alloys’ formation, etc.
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coefficient (TCEP, dg/dT) is proportional to entropy (AS) of the process. In other
words, the EP and TCEP are Gibbs energy and entropy expressed in electrical
units. Parallel scrutiny of both thermodynamic functions is a powerful tool of
physicochemical analysis.

The concepts of EP and related open circuit potential and voltage (OCP and
OCYV), and electromotive force (emf) are well described in many textbooks on
physical chemistry or electrochemistry. However, proving that the measured OCV
(OCP) is indeed EP requires an approach that is specific to the particular electro-
chemical process being analyzed. For the EASP electrodes, a good confirmation
of the OCP = EP relationship is the stability of the OCV versus lithium-metal
(Li | LiT) reference electrode over time and independence upon lithium ion’s con-
centration. According to the [IUPAC [25] rule, the electrochemical circuit for such
measurements has the form

Li,Z | Li* (solvent) | Li (2.1)

meaning that Li | LiT is the reference electrode, at the potential of 0 V. As with
other reference electrodes, when citing the OCV values measured versus Li | LiT,
the type of the reference electrode used in measurements should be stated because
of the reference’s impact on the measurements.

2.3.1 Ideal and Real Solutions

Bazant’s theoretical work [24] exploits extensive knowledge of properties of LFP
nanoparticles. LFP is a well-known and researched cathode material for lithium-
ion batteries. The known characteristics of LFP include specifics of phase sepa-
ration conditions, lithium-ion transport mechanism, elastic coherency strain,
anisotropic nucleation and growth, interfacial energies, etc. Bazant’s work and
other similar approaches describing electrochemical processes in nonequilibrium
conditions are crucial to the progress of applied electrochemistry in general and
specifically, to forwarding developments in the field of intercalation materials-
based batteries. The following section of this chapter compares the ideal and real
systems, and the associated electrochemical solutions/equations.
If a reversible redox reaction:

Ox + ne < Red 2.2)

proceeds on an electrode in the so-called “ideal solution”, the dependence of the
EP upon reactants’ concentrations, [Ox] and [Red], follows the Nernst equation:
RT . [Ox]

— ° 71
=9 0 F ™ Red]

2.3)

where ¢° is the standard potential at standard values of the both reactants’
concentrations, and R, 7, and F denote the universal gas constant, the absolute
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temperature, and the Faraday constant, respectively. In fact, Eq. 2.3 is a transition
of the formula for the chemical potential of ideal gas:

u = u° + RTInP (2.4)

n° is [26] the standard value of the chemical potential at standard pressure p°, and
the dimensionless value P = p/p° is the ratio of the actual gas pressure over the
standard pressure p°. The real dependence of the EP upon concentration follows
the Nernst relationship only at low concentrations (below 0.001 mol L~! in aque-
ous solutions).

Similarly, Eq. 2.4 poorly describes the behavior of gases at pressure above 50
atmospheres. In order to retain the appearance of the ideal-gas thermodynamic
equations, but render them applicable to real gases, an American chemist G.N.
Lewis introduced the concept of fugacity in 1901 [27] The ideal gas pressure p
and fugacity f is related through the dimensionless fugacity coefficient g = f/p.
The fugacity coefficient has clear physical meaning, and describes the deviation in
behavior of a real gas compared to an ideal gas.

Indeed, all gases follow the general equation

o _
(&),

where v is the gas molar volume. For an ideal gas, the equation of state has the
form:

pv=RT (2.6)

For a real gas, other equations of state must be used, e.g., van der Waals,
Berthelot, Diterichi, or Kammerling-Onnes [28]. Integration of Eq. 2.5 using
Eq. 2.6 leads to the relationship shown in Eq. 2.4. In this case, standard chemi-
cal potential appears formally as the integration constant. Of course, integrating
of Eq. 2.5 with a real gas equation of state will produce other forms of chemi-
cal potential equation than in the case of the ideal gas equation; the difference
between the outcomes of integration uniquely defines the fugacity coefficient.

There is no single equation of state for the electrolyte solutions, but similarly
to the concept of fugacity, the concept of thermodynamic activity is commonly
engaged. The activity exhibits dependence on concentration.

By the IUPAC [25] definition, the activity () is the anti-logarithm of the chem-
ical potential and does not constitute a new physical entity:

a = exp <M;TM ) 2.7

The concept of activity (Eq. 2.7) merely puts into operation another function
of chemical potential and converts the chemical potential into a form that is con-
venient for calculations. Specifically, the thermodynamic functions can be calcu-
lated using the formulae derived for ideal gases by substitution of the pressure with
the activity. In other words, the form of the definition (Eq. 2.7) is dictated by the
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wish to keep the formal similarity between the expressions for chemical potentials
of ideal gas and a solution component. The activity is reciprocally bound with the
standard value of the chemical potential. Since the standard chemical potential is
equal to the chemical potential of the species in the hypothetic solution in which
both activity and activity coefficient are equal to 1, the direct measurement is there-
fore impossible. Both standard potentials and activities (activity coefficients) must
be calculated using one of several available modeling approaches. Computational
procedures are not simple, and some problems are essentially irresolvable (e.g.,
the problem of the activity coefficient of a single ion; instead the mean ion activ-
ity coefficient is used). Nevertheless, the values of activity coefficients have been
determined for many ions in various aqueous solutions. However, the collection of
activity coefficients for ions in nonaqueous solutions is much scarcer.

The above-mentioned considerations pertained to computational challenges
with analyzing electrochemical processes involving real gases and solutions.
New set of difficulties arises with attempts of determining the activities (or activ-
ity coefficients) for solid phases comprised of multiple components. For example,
the empirical Raoult and Henry laws that bind the concentrations of the solutions’
components to their vapor pressures can hardly be practically applied for solids.
Similarly, van’t Hoff’s law of osmotic pressure that formally implies the equation
of state of ideal gas to the solution [28] is not applicable to solids. Indeed, the
pressure of the solid solution (e.g., metal alloy) components is usually immeasur-
able within wide temperature range, and osmotic pressure is not detected in sol-
ids. This aspect is very prominent in EASP where lithium is dispersed in the host
matrix.

Last but not the least problem with unified approach to electrochemical pro-
cesses across various states of matter is the use of molar fraction [25] as the unit of
concentration in electrochemical equations. Such choice of the concentration unit
implies that the EP would exhibit a very simple dependence on the presence of
the so-called indifferent electrolyte. By this logic, the potential of Ag | Ag™ elec-
trode in aqueous solution (e.g., 0.1 mol L™! of silver nitrate) should depend on the
addition of sodium nitrate since the molar fraction of silver ions is changed by the
addition of the indifferent salt (KNO3) even if the molar-volumetric concentration
of Ag™ ions remains constant. Moreover, the substitution of sodium salt with any
other apparently indifferent salt (potassium, ammonium, alkyl-ammonium salt,
etc.) is expected to shift the EP to new values. However, the indifferent (or sup-
porting) electrolyte in common electrochemical practice is considered to be only
affecting (stabilizing) the activity coefficient. On the other hand, the unanswered
question persists whether the potentials of ideal silver-mercury and silver-gold
alloy electrodes in silver nitrate solution are equal when silver mole fractions are
equal, or when the silver molar-volumetric concentrations are equal.

The above-mentioned issues also pertain to the selection of the standard state of
EASP. As a matter of fact, on Li,Z | Lit electrode, either at x = 0 or at x = 1, no
equilibrium conditions corresponding to lithium exchange can be established. The
reasoning presented earlier illustrates that the application of the concept of ther-
modynamic activity to the EASP is impractical and may not be attainable.
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2.3.2 Equilibrium Potentials on EASP

In order to define an alternative approach to employment of thermodynamic activ-
ity, a few basic assumptions must be established. First, let the oxidation or reduc-
tion reaction of EASP proceed with participation of a univalent cation from the
electrolyte (e.g., Li1). In reaction:

Z +xLiT + xe S LixZ (2.8)

LixZ and Z are reduced and oxidized forms of EASP, while x < 1. The symbol
“s” indicates that the reaction can proceed in both directions. However, in order
to achieve the potential-determining reaction, it is more convenient to rewrite
Eq. 2.8 so that the Li™ coefficient equals 1. The modified equation is

pZ + Lit + e~ S LiZ, (2.9)

Obviously, the EP can establish only on partially discharged electrode, that is, at
1 <p<0(or0<x< 1), but the fact that steady state OCV (OCP) is equal to the
true EP remains yet to be proven.

Modifying the proposed EP-determining reaction on the LiZ, | Li* electrode so
that Eq. 2.9 is achieved clarifies the fact that the character of dependence of the
electrode’s EP upon lithium ions’ concentration in the solution is the same as that
of Li(metal)ILi* electrode (Eq. 2.9).

JPEASP _ 0@ Li(metal)
0 [Li+] 0 [Li+]

Moreover, the equality of EP dependence on Lit concentration in solution with
the Li | Li™ metal electrode relationship is regardless of the application of the
Nernst’s law and the units in which lithium ion concentration in the solution is
expressed. Thus, if the experimental measurements confirm the independence
of the cell’s OCV (Eq. 2.11) upon lithium ion concentration in the solution, the
potential on the EASP can be treated as EP.

(2.10)

Li | Li* (solvent) | Li,Z (2.11)

2.3.3 The Dependence of Equilibrium Potential on DoC
of EASP

There are several possible types of products forming during reduction of EASP.
These various products differ in the nature of dependence of their EP upon DoC of
EASP. For convenience and simplicity, the applicability of the Nernst equation to

3 Lithium electrode LiT + e < Li in the discussed aprotic solutions is assumed to be at equilib-
rium state.
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the systems described below is assumed, and the use of standard electrolyte solu-
tion is implied. Such approach does not affect the logic of exposition, but makes
the description more illustrative. The four different EASP reduction products and
the associated EP-DoC relationships are discussed below:

i. Lithium is inserted into the host matrix forming solid solution of lithium atoms
within certain composition range. An example of this product is lithium inser-
tion into aluminum matrix; solid solution is forming up to 9 x 10~* at % of
lithium [29]). Aluminum does not participate in the electrochemical reaction
but acts as a solvent in the second phase, i.e., it +Al+xe™ s )cLi{Al}.4
The product can be expressed by the gross formula Li,Al, which corresponds to
the solution of Li® in aluminum with the resulting molar fraction of y = x/
(1 4 x). The correlation between molar fraction and molar-volumetric concen-
tration is nonlinear due to the dependence of the product density upon
composition.

The potential-determining reaction is

Lit + ¢~ S Li (2.12)
and the corresponding Nernst equation takes the form
) RT ¢ , RT
P =riv oy T F In oY 7 Inc (2.13)

where ¢ and c° are concentration and standard concentration of lithium in alu-
minum, respectively, whereas z = 1.

The EP from (2.13) can be represented as the explicit function of the DoC uti-
lizing the relationship y = ¢cMa/(cM> + p — cM;) = x/(1 + x), where M| and
M, are molar masses of the solute (lithium) and solvent (aluminum), and where
p is the solution density (a known function upon composition). Though d¢/d In
x = RT/nF, the corrective factor can be easily calculated.

ii. Lithium is inserted into the host matrix, forming solid solution and becoming a
part of a new, non-stoichiometric compound within certain composition range.
An example of this product is the formation of lithium niobium diselenide—
Li,NbSe, where solid solution is forming within the entire composition range
(0<x<1[30,31]): NbSe; + xLi" + xe & Li,NbSe;

The potential-determining reaction is

pNbSe; + Lit 4+ e < Li(NbSey), (2.14)

In this case, the EP depends upon DoC according to formula:

5 - (2.15)

4 Such case is not fully consistent with the previously given definition of EASP. This inclusion is
justified by simplicity and completeness of the system description.
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and
d RT
LA
dlnx F

That is, cases i and ii are distinct using thermodynamic experimentation.
Lithium is inserted into the host matrix, forming solid solution of non-sto-
ichiometric, lithium-containing compound dissolved in the host matrix.
Such result was proposed in the work of Pozin et al. [10] for the prod-
uct of reduction of manganese (IV) oxide within the range 0 < x < 1:
MnO; + xLit + xe~ < Li,MnO»

The potential-determining reaction is

p(x)MnOy 4+ Lit +e = (LiMnO2),,, (2.16)
however, in reality, this process is best characterized by multiple equilibriums;

different equilibrium achieved for each value of x. Accordingly, each point is
characterized by a separate Nernst’s equation:

. RT1 1 —x
=¢'(x)— —1In
p=9 I3

2.17)

It is essential that the standard potential depends upon DoC: ¢° = ¢°x).
Thus, the shift of EP is caused by the second (quantitative) component of the
Eq. (2.17), and by the change of the standard potential due to the change of the
nature of the product.

Similar phenomena are observed in liquid solutions where stepwise complex
formation occurs. This solution can be characterized by the mean coordination
number 7 [32]. When the ligand-metal ratio changes (e.g., initially, solution
contains only ligand in certain concentration [L]; then, by titration, metal con-
centration [M] is increasing). In this case, both the total complex’s concentra-
tion and mean coordination number undergo changes as the complex formation
reaction proceeds. This process can be described as the change of the complex
ML, concentration with simultaneous altering of its composition. The shift of
the potential Ag of metal (M) electrode versus the potential in the complex-free
solution of metal ions is illustrated by the relationship

A = ¢° (i —RTI[ML-]
0 =¢°(n) Zan i (2.18)

The physical meaning of this formula can be explained if the solvation of metal
ions in highly concentrated electrolyte solutions (where concentration of metal
ions is comparable to the reciprocal molar volume of the solvent) is considered
instead of formation of complexes.

Lithium insertion leads to formation of a set of new solid products where one
or more product(s) is/are lithium-containing compound(s). An example of this
set of products is the result of the reduction of copper(Il) oxide [33]. In this
case, the overall reaction is CuO + 2Li*T + 2e~ — Cu + LirO or, if copper(I)
oxide is taken into account as intermediate product, the resulting reaction is:
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2Cu0 + 2Lit + 2e~ — Cuy0 + Li»O. Note that one-directional arrows con-
nect the sides of the equations meaning that the reaction is irreversible. The
formation of the set of products with various degree of lithiation is the most
difficult case for electrochemical examination, due to several factors, listed
subsequently. Let copper oxide transform according to the following scheme:
CuO — Cuy0O — Cu with accompanying formation of Li;O. While copper(I)
oxide is forming, the chemical potential remains constant; dramatically chang-
ing only when copper(Il) oxide is exhausted and metal copper begins appear-
ing. For that reason, two plateaus of EP are expected on the potential versus
time plot, with virtually instant transition from one to another. However, it is
not clear if the EP can be established on the electrode comprised of stoichio-
metric compounds, such as CuO, Cu,0, LiyO | Lit.

The second difficulty is the verification of the presence of the true dependence
of EP upon the DoC, since the dependence may be merely weak and indistin-
guishable from the experimental noise. It will be shown in the next section of
this chapter that the measurement of temperature coefficient of the EP can shed
some light on this problem.

The last difficulty is inherently related to the feasibility of nonequilibrium
electrochemical measurements, which will be discussed later. Even very small
disturbance of the electrode equilibrated within the plateau (such as applying
a few-mV potential step or harmonic wave, or low current pulse) dramatically
changes the electrode’s surface composition, easily bringing the composition
outside of allowed limits.

However, if the equation of state is unknown (i.e., the Nernst equation is inad-
equate), it is difficult to determine by the shape of the EP(x) curve, which the type
of the reaction (i—iv) takes place. The above reasoning demonstrates why another
approach is necessary, namely carrying out the entropy measurements.

An illustration of the concepts discussed earlier is shown in Fig. 2.2 where an
electrode LixV20s | Lit reveals a number of features typical for EASP. The curve
shows two areas where the OCV is almost independent upon composition with
sharp transition from one domain to another. Two possible interpretations of this
curve are

(a) the electrode behaves according to the mechanism iv, considered previously,
or

(b) there exists a weak dependence of equilibrium potential on composition that
has not been detected thus far.

2.3.4 Entropy of the Electrode Reaction

Solving a non-steady state problem of electrochemical kinetics means obtaining
the relationships between current, potential, concentration, and time. Very often,
these relationships can be found as the solutions of the differential equation known
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as second Fick’s law with corresponding initial and boundary conditions. The
latter are either: the equation i = i(¢) or the relationship: ¢ = ¢(c), where i is
the current density and ¢ is the electrode potential under load. The prior knowl-
edge of the ¢ = ¢(c) dependence is presumably known from theory or preceding
experiment.

The calculation approach presented here deviates from this direct scheme for
the sake of the full consideration given to the entropy of electrode reaction and
showing the importance of simultaneous scrutiny of entropy and Gibbs energy.
Entropy of the reduction/oxidation (or discharging/charging) process is an effec-
tive measure of these structural changes, including the possible phase transitions.
Statistical thermodynamics provides the direct connection between the entropy
(S) and thermodynamic probability (w), which is the numeric measure of the dis-
arrangement of the system, by Boltzmann’s equation w = exp(S/k), where k is
Boltzmann’s constant. Crystalline lattice, being characterized by certain symme-
try degree, must be sensitive to its ordering-disordering caused by electrochemical
insertion or extraction of guest species. A redox-reaction occurring in an elec-
trochemical cell gives a unique opportunity to directly measure the cell’s Gibbs
energy and entropy.

According to the Gibbs-Helmholtz equation

AS = —zF E 2.19
= —aF (2.19)
where E is the emf of the electrochemical circuit, particularly, of Eq. 2.1. Thus, the

emf is equal to the EP (¢) of the electrode under study in lithium scale (versus the
Li | Lit reference).
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Obviously, the entropy must depend on DoC of the electrode since the EP does:
dAS (p/T) 1 9¢
— = —zF =—zF—— #0
ax ¢ ox T ox 7

Equation (2.15) with constant standard potential and (2.17) with the standard
potential apparently depending on DoC can be rewritten in generalized form as

¢ =¢°+¥(T,x)
Equations (2.15) and (2.17) will then take the form

$(T.x) = ¢y (T) + ¥ (T, x) (2.20)
and
$(T.x) = ¢y (T) + ¥ (T, x) 2.21)
Then, it follows from Eq. 2.20 that
%) _ 0

o 0
aT = ﬁ% (T) + ﬁ‘l’l(T,x)

or according to Eq. 2.19 (at E = ¢),
0
AS(T,x) = AS{(T) — zFﬁlﬁl(T,x)

Within a relatively narrow temperature range, far from melting point and far from
the absolute zero, the derivative dE/9T is constant, i.e., PE/AT? = dAS/OT = 0. If lin-
ear approximation is applied, dAS°0T = 0 and:

9
AS(x) = AS; — zFﬁllfl(T, x) (2.22)
Therefore,
IAS . 92 Ui(T.y) £ 0
ax L arax Y

because dAS°/dy = 0 for the reaction (2.14).
In turn, dealing with the reaction (2.16), according to (2.21),

%_2 é5(T) + i W (T, x)
o~ oar%? or 2
In this case the result is
0
AS(x) = ASQ — zZF —Wr (T, x) (2.23)

aT
Oppositely to Eq. 2.15, here dAS°/dy = 0, that is why

dAS 9 AS() — oF 32
985 9 g0y
ox  ax 2 T Tox

ad
(T, x) = a[ASS(x) — zZFUL(T,x)] (2.24)
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Fig. 2.3 OCYV of the cell Li | LiClO4 (propylene carbonate) | Li,V2Os at various x at 22 °C and
its temperature coefficient dE/dT [11]

It follows from Eq. 2.24 that 0AS/dx might be zero, in other words A
S7° — zFW(T, x) = const. This may mean that the difference in standard entropies,
that is, the difference in structures of different compounds Liyy)Z is entirely deter-
mined by lithium content, and no actual structural change occurred. Since deter-
mining of the nature and composition of the final product of the reaction can help
to determine the mechanism of the reaction, the entropy calculations would be best
supported by the structural and composition analyses.

In Fig. 2.3, the EP of Li,V,05 | Li* electrode and the electrode’s temperature
coefficient are overlapped in a single chart. Distinct dependence of entropy upon
composition allows concluding that instead of the “true” plateaus on the equilib-
rium curve, a weak dependence upon composition takes place. A sharp peak at
x = 0.5 most likely signals a phase transition at this composition.

2.4 Mass Transport in Solid Electrodes

Reduction (oxidation) of EASP begins with the enrichment (or depletion) of the
surface layer with the product of the reaction (i.e., guest concentration change)
followed by the guest distribution throughout the bulk of the material. The mecha-
nism of distribution may vary, from the simple diffusion process to complicated
multi-step solid-phase reactions including the formation of new phases. The fol-
lowing discussion is limited to the simple case of diffusive dissipation of inserted
particles, and formation of the phase of variable composition (the solid solution).
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For simplicity, the solid solution phase is considered nonporous and electronically
conductive [34].5¢ The latter assumption allows for absence of determination
whether the guest entities are ions or atoms.

Diffusion occurring in solids during electrochemical processes never
approaches steady state conditions. Therefore, only methods suitable for survey-
ing of non-steady state electrochemical processes can be successfully employed
for such investigations. The diffusion process follows second Fick’s law

aC

5, =V (OVO) (2.25)
or, for one-dimensional plane diffusion

oC _ 0 D aC

ar  ox 0x (2.253)

where D = D(C) is the diffusion coefficient (DC) depending on concentration.
The flux density j is defined by first Fick’s law.

Jj=-DVC (2.26)

Equation 2.26 is correct in any case where the spatial concentration difference is
sufficient to drive the mass transport.

The dependence of DC upon concentration immensely affects the solution
of the related equations, such as the Eq. 2.25. Equation 2.25 has the analytical
solution if D = const, which is true for many border conditions realized in actual
electrochemical experiments. However, if the DC changes with concentration, the
equation can be solved only numerically. Therefore, it is as useful and convenient
to conduct the experiments within such conditions, where the DC changes are neg-
ligible. Equation 2.25a is then reduced to

2

e _poe (2.25b)

ot 0x2
The practical implementation of such measurements is challenging. First, the
surface concentration perturbation occurring during the measurement must be as
small as possible. However, the physical meaning of ““as small as possible” is dif-
ferent for each material and experimental method. Lithium-ion EASPs are com-
posed of lithium, transient metals, oxygen, and, possibly, other elements. Molar
volume of these materials is typically fraction of liter per mole. For example,
molar volume of lithium cobalt oxide, which is the main cathode material for

5 The assumption of electrode materials’ conductivity is an intentional oversimplification.
In reality, vast majority of lithium-ion electrode materials possess rather low conductivity and
neglecting their resistance is incorrect in terms of the strictly mathematic approach to balancing
the electrode equations. However, this simplified calculating approach is used for clarity in pres-
entation of a novel concept. For the complete mathematics of transport phenomena pertaining to
the simpler electrochemical systems, the reader is directed to J. Newman’s book [34].

6 For the same reasons, only plane diffusion is considered here.
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commercial LIC, is 19.45 ¢cm? mol~!. Lithium concentration in electrodes usu-
ally ranges up to few tens of moles per liter, rarely falling below several moles
per liter. In Li,CoO», the typical lithium concentration range is between ~20 and
51 mol L~!; whereas in carbonaceous negative electrodes, the lowest lithium
concentration approaches almost zero (at least at the surface), but also goes up
to ~30 mol L™! in the fully lithiated state. A liquid solution with such content of
solute is considered a concentrated solution experiencing “strong deviations from
ideality” of physical and electrochemical properties. In particular, the dependence
of the DC on concentration takes the form of Nernst-Hartley equation [35]

dlny
D=Dy( 1+ . (2.27)

As demonstrated in previous sections, Eq. 2.27 is out of the direct use due to
absence of the data on the activity coefficients y in EASP. Instead of Eq. 2.27,
another equation that contains DC is more helpful, namely the Einstein-
Smoluchowski relation (Eq. 2.28) for mean square distance <d®> of a freely ran-
domly walking particle during time #:

<d2> =2Di (2.28)

Equation (2.28) shows that any plane of constant concentration propagates pro-
portionally to the square root of time. Based on the above considerations, Eq. 2.28
may serve the dual function: (a) it is useful for preliminary validation of the value of
the experimentally obtained DC and (b) can be used for the preliminary estimation
whether limited or semi-infinite diffusion model should be applied. These estimates
are using the thickness of the sample and the experiment duration, as well as the
predetermined possible range of DC values. For example, when experiment duration
equals 1 h, a nonporous electrode with the thickness of few millimeters behaves as
semi-infinite media when diffusion coefficients are greater than 10~1° cm? s—!.

One of the most important methods of testing of the EASPs is their galvano-
static reduction and oxidation. The analogous method in electroanalytical chemis-
try is called chronopotentiometry (CPM). In CPM, the transient time corresponds
to the utilization of the battery electrode. The transient time is the time when the
surface concentration of the depolarizer drops to zero; the utilization is the fraction
of inserted (extracted) lithium atoms. Obviously, at constant current conditions the
difference between these characteristics is solely a matter of units. However, since
the guest’s concentration varies from (sometimes) zero to a certain maximal value,
the DC will suffer all possible variations as well, and all the CPM equations can-
not be used, except the single CPM relationship given below.

The theory of the CPM shows that the reversible curves obtained at different
currents (i) obey the law: 2t = const where 7 is the transient time. It has been
shown with the help of the similarity theory that this rule covers any diffusion-
controlled constant-flux process in semi-infinite media, and it works not only for
transient time, but also for any time necessary to reach a certain potential regard-
less of the DC dependence upon concentration (or lack of thereof) [36].
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Potentiodynamic reduction and oxidation (chronovoltammetry, CVA) is fre-
quently (and sometimes, erroneously) employed for characterization of the pro-
cesses on EASP with the accompanying formation of solid solution.” Very often,
the equations for diffusion kinetics in semi-infinite media (Randles-Sevcik,
Matsuda-Ayabe, and other [28] are employed for interpreting the results obtained
via linear sweep of potential with the rate of 5-15 mV s~! within the potential
range of the electrode’s OCP. However, these equations have been derived for con-
stant DC, and do not apply in the above conditions. Even if the DC were constant,
the approach is not relevant to the measurements associated with the EASP reduc-
tion, or lithium insertion. Indeed, no Li-ion diffusion-related maximum appears on
the CVA-gram. The CVA current corresponding to insertion is an infinitely
increasing function. The experimentally observed maxima are determined by other
phenomena, different to that occurring in classic CVA (e.g., reaching the maxi-
mum of allowed guest’s concentration, or new phase formation).

Regardless of the measurement technique, a common approach exists to
address the lack of constant DC throughout the entire range of concentration
(potential). It is possible to establish the intervals where the DC is constant. From
the knowledge of the DC’s dependence upon concentration within these intervals,
the DC behavior for overall concentration range can be determined. Based on this
approximation, an entire group of the applied electrochemical analyses methods
have been enabled.

These electrochemical non-steady state methods are divided into three groups,
where potential, current, or charge drive the process. The driving (controlling) fac-
tors in turn define the border and initial conditions for solving Eq. 2.25b [28]. The
representatives of each group are described in the following section. All experi-
ments must be performed on an electrode made of partially discharged EASP
in lithium-ions containing solutions, initially at equilibrium potential. The ini-
tial concentration of lithium in the solid is denoted as ¢y, and the current density
i is used as the rate of the reaction, unless otherwise noted. The ionic transport
in the solution is typically significantly faster than the diffusion within the solid,
thus the electrolyte concentration can be assumed constant during the short-term
experiment.

2.4.1 Galvanostatic Pulse Method

In the galvanostatic pulse method (GSPM) [37], lithium is inserted into (and
extracted from) the surface layer of the electrode by a short rectangular current
pulse i. The charge transfer step is presumed fast and the measured electrode
potential is entirely determined by the surface concentration of lithium. During the

7 The experiments with ultra-low scan rates (few microvolts per second) are beyond the scope of
this paragraph but will be touched upon later, in Sect. 2.7.
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experiment, the potential initially leaps to a certain maximal (minimal) value and
then gradually returns to the initial value. The amount (in mol per area unit) of
inserted lithium is n = i#/F. Strictly speaking, the pulse should be instantaneous
(t — 0). However, in practice, the sufficiently short pulse duration is less than the
characteristic time of the diffusion.

The solution of Eq. 2.25b with initial ¢(0, x) = ¢ and border (dc/0x),—9 = 0
(interface), c(f,x) = cg (bulk) conditions for x = 0 is [38]:

iT
c(t,0) = co + ——— = co + At~ /? 2.29
(t,0) =co F/aDi 0 (2.29)

Here, 7 is the pulse duration; the current i is positive for insertion and negative for
extraction.

The DC can be calculated from the slope of the line illustrating the relationship
of ¢ versus t~"2. However, the observed value is the potential, which is a function
of concentration ¢ = ¢(c). If the dependence of potential on concentration is of
Nernst’s type Eq. 2.29 takes the form

F B A i
exp [RT Aq}(t)} =142 (2.30)
where Ag(t) = @(f) — @eq. For all EASP materials, the concentration must be
expressed as a function of equilibrium potential.

The main disadvantage of the current pulse method lies in the ambiguous valid-
ity of the results. The ambiguity is caused by several factors. First, the require-
ment that t — 0 leads to the inversely proportional current increase, and may
cause substantial concentration and/or the DC changes within the surface layer.
These changes negate the application of Eq. 2.25b. Secondly, extending the pulse
duration alters the experiment conditions while distorting the border condition of
x = 0, thus rendering Eq. 2.29 inadequate. Appropriate balancing of these equa-
tions (Egs. 2.25b and 2.29) needs the preliminary knowledge in the DC value.
An estimate of the allowed pulse time can be obtained using Eq. 2.28. Another
requirement is the shallow penetration of guests into the host lattice. If the pen-
etration depth d corresponds to 2—3 atomic diameters, then for the ion O~2 with
the ionic radius of (1.5-1.7) x 1078 cm, [39] d = 1 nm. In this case, the allowed
pulse duration is 0.05 and 500 ms for diffusion coefficient values between 10710
and 10~ cm? s~ 1. If lithium content change in such thin surface layer is 1 % (for
example, in LiCoO, this corresponds to Ac = 0.5 mol L™1). The resulting allowed
pulse current density will fall between 100 and 10 pA cm™2.

In materials with high diffusion coefficients (D > 10~ cm?%/s), the pulse cur-
rent methods do not yield accurate results. This inaccuracy is caused by both
technical and fundamental difficulties. The former problem is associated with the
limited capabilities of the pulse generators. The latter problem is related to the
speed of the double layer charging, where the fraction of 50 us for the pulse dura-
tion might be not sufficient to achieve the double layer charging.
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2.4.2 Potential Transient Method

In this method, [37] an electrode at equilibrium is polarized by a small shift of
potential, thus keeping a constant concentration of inserted atoms on the surface
of the electrode. The DC can be calculated from the registered current-versus-time
curve called chronoamperogram. The method is also called single-step chrono-
amperometry (SSCAM). In this method, the condition D = const is under better
control than in the GSPM.

The solution of Eq. 2.24b for semi-infinite electrode at initial ¢(0, x) = c¢p and
border ¢(t, 0) = ¢, and c¢(t, ) = ¢ conditions has the form

c—cy

X
=erf
o — Cs >JDi (2.31)

while the current density

= (%) = Fle,— e/ 2 23
‘= /) o G T ON T (2.32)

The height of the potential step is defined by the function ¢ = ¢(c). The prefer-
ence for the low value of the potential step is related to the following causes: (a)
the effect of the small potential step on the value of the DC is small, and (b) the
dependence of the potential upon “guest” concentration can be simplified to linear
relationship: ¢y — co = Ag. Thus, the current decrease remains linear versus recip-
rocal square root of time (t~"2).

For the electrode of limited thickness 8, the border condition c(t,0¢) = ¢ must
be substituted with (dc/dx),—; = O (impenetrable border). The expression for the
current density then obtains a more complicated form, which can be found in a
handbook dedicated to the mathematics of diffusion [39]. However, the sample
can be considered as infinite if the dimensionless parameter D#/I> < 0.3.

In such case, the calculation of DC is simple. The criterion for infinite sam-
ple dimensions yields that the largest possible D = 10~8 cm?/s. Thus, the elec-
trode of 60 um thickness behaves as semi-infinite during the 10° s current decay.
Therefore, if the experiment’s duration is limited to few minutes (10° s) then the
allowed sample thickness would be ~20 pm. Such consideration is necessary when
film or single-crystal electrodes are employed.

The examples of the described methods’ applications can be found in the works
by Nikolskaya et al. [14] where DC of lithium in niobium diselenide of layered
structure 2H-NbSe» has been determined by GSPM and SSCAM. For calculations,

8 This material has the metallic type of conductivity and extremely flexible crystalline lattice
(the lattice can expand along the ¢ axis, doubling the parameter), and can be easily pressed into
pellets. The degree of lithium-ion reduction is about 0.7 (i.e., lithium in the crystal is present in
70 % as atoms and 30 % as ions). Thus, layered niobium diselenide is the perfect material for
testing the proposed models. In order to eliminate the pores, pellets have been impregnated with
molten paraffin-polyethylene alloy under vacuum in all cited works.
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Fig. 2.4 OCYV of the cell: Li | I M LiClO4 (PC) | LiyNbSey; DC of lithium at various x. The
accuracy of the DC calculation was 0.2-0.3 in the order of magnitude (41.6-2.0 in mantissa);
dashed lines show 95 %—confidence interval. References OCV-17; OCV-2 [12]; SSCAM-DC
and GS-DC [14]; SSCAM-DC and EC [15]

the equilibrium curve was obtained. The experimental results are well consistent
between various measurement methods (Fig. 2.4). The DC varies from 107! to
10~2 cm? s~ ! passing over a maximum at x ~ 0.5-0.6. This is the region where the
interlayer distance reaches the maximum [40] not changing with further lithium
content increase. However, the number of available diffusion leaps decreases,
which leads to the DC decrease.

The DC calculations did not include any assumption of the concentration
dependence of the DC. Comparing the DC and OCV curves, it is easy to ascertain
that there is no direct proportion between f; = 9¢0) apqg /> = D(x), which should

dlnx
exist due to Eq. 2.27. Thus, from Nernst’s equation:

’ kT
=const — —Inyc
7 vy

where y is the activity coefficient, it follows that

dlny F 3¢
dlnc  RT dlnc

The above constitutes another reason for avoiding the term of activity in studying
the EASP.
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2.5 Rate of Electrochemical Stage

The rate i of the electrochemical reaction depends on reactants’ concentrations c,
temperature 7, and electrode potential ¢. For mono-molecular process,

i =k(T,¢)c (2.33)

where k(T p) is the rate constant. Some authors prefer using thermodynamic activ-
ity instead of concentration in the equations of the same type as Eq. 2.33. Previous
sections of this text (Part 2.1) demonstrated that there was no viable reason for
involving the concept of activity in thermodynamic considerations of EASP elec-
trodes. Similarly, there are no reasons to use the activity in kinetic reactions [41].°

The necessary but not exclusive condition for the reaction to occur is the col-
lision of particles, or the act of particles hitting the surface of another phase.
Equation 2.33 reflects the assertion that the rate is directly proportional to the fre-
quency of collisions. For a decomposition reaction, the number of bond breakages
per unit of time is proportional to total number of particles.

However, not every collision leads to the product formation since many colli-
sions are elastic. The collective efficiency of collisions is described by the reac-
tion’s rate constant. The rate constant depends on temperature and potential and on
various environment factors, such as the nature of the solvent and electrolyte, and
the quantitative composition of electrolyte solution.

2.6 Concentration Dependence of Exchange Current
on EASP

In order to perform the relevant kinetic calculations, first, a specific mechanism of
the reaction must be presumed. Thus, the process rate (expressed as current den-
sity!'?) of a single-step one-electron redox-reaction:

Ox + ne = Red (2.34)

obeys the theory of mixed kinetics when both charge transfer and diffusion control
the overall rate of the reaction (Butler-Volmer equation, BVE):
S S
R

. .| €
i = i fexp(—anﬁn) - ﬁexr)(ﬂnﬁn) (2.35)
X (]

9 In the absolute reaction rate theory, the rate of the reaction is proportional to the concentration
of activated complex, which is in equilibrium with reactants. Thus, the activated complex con-
centration can be calculated using the corresponding equilibrium constant and, consequently, the
activities. This is the reason why the activity coefficients appear in kinetic equations.

10" Unless otherwise noted, the term “current” is equivalent to the “current density” in the follow-
ing text.
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where ip is the exchange current, o and f§ are cathode and anode transfer coef-
ficients (¢ + 8 = 1), n = ¢ — @e—polarization, 8 = F/RT. The index “s”
marks surface concentrations of both forms of the depolarizer. In fact, the
observed current is the difference i= { — i between the currents of
d1rect i and reverse 7 processes of (2 24). The formulas for partial currents
i =nFk° cox exp[—and (¢ — ¢°)] and i = nFk°co,exp[Bni (¢ — ¢°)] include
standard rate constant k°, and the potential is counted from the standard potential
value (¢°) for the reaction (Eq. 2.34). The dependence of the exchange current on
concentration is usually expressed as

. o B

i0 = 1§ Cox CReds (2.36)
where ij is the standard exchange current having the following dimensionality:
(current) x (length)/(matter amount), e.g., A cm mol~!. However, the formula
(Eq. 2.36) is applicable only in case of the Nernst-type potential behavior being
derived from the equation

io = nFk°cox exp[—ant (peqg — #°)] = nFk°cRred expl(Bnd (¢eqg — ) (2.37)

when ¢ = ¢° + RT 7 In COX - Then j§ = Fk°cox exp g "F¢02
If o = ¢(c) is not expressed by the Nernst equation tlz";e 9 = F/RT. Indeed, at
equilibrium (¢ = @eq) the currents of direct and reverse reactions are equal, i = 0, and

COx CXP[—anf(fﬁeq - ¢O)] = CRed €Xp[Bn? (¢eq - ¢o)] (2.38)
In logarithmic form (Eq. 2.38)

COx
—In
(@ + B)n¥  Cred

if 8 = F/RT, then the entire relationship (Eq. 2.37) can be reduced to the form
equivalent to the Nernst’s Eq. (2.38a).

It follows from Eq. (2.36) that increasing of concentration of both oxidized and
reduced forms leads to the increase in exchange current. Oppositely, taking loga-
rithm and the derivative in respect to creq of the second equation (Eq. 2.37) the
following can be derived:

d1n i do
————— = 1+ Beg dlncre (2.39)
e

¢eq = ¢O +

(2.382)

dln CRed

since = 1/10¢,4/dln o).

It follows from (Eq. 2.30) that the exchange current increases if
and decreases in the opposite case.

In the phenomenological theory the transfer coefficient is an empirical quantity,
which is usually equal to 0.5, and is not dependent on the concentration and the
potential (the Brgnsted-Polanyi-Semenov principle). Therefore, experimental test-
ing of the proposed approach should provide an answer, in particular, to the ques-
tion of whether the principle is obeyed in this case.

In physical sense, the substitution of //RT with 1/10@e,/dln )l is relative to the
logical device realized in the VTF model of the conductivity (see Chap. 3) where,

dpeq - — RT
dln CRed /SnF’
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in fact, the absolute zero temperature is substituted with a sort of “relative zero
temperature”: the Ty temperature (Eq. 3.3) is the temperature at which the ions
mobility ceases to exist. Similarly, the value of 1/10¢.4/dIn ¢)| can be interpreted as
the “F/r(c)T” where the absolute gas constant R is substituted with a “relative gas
constant 7 depending on concentration ¢ and is specific to a given material.

2.7 The Methods of Investigation of Electrochemical
Reaction Step

The step of charge transfer in the multi-step process of electrochemical reduc-
tion and oxidation of EASP is relatively fast. Reliable data on the kinetic param-
eters of this step (exchange current or rate constant and transfer coefficient) can
be established by using high-frequency methods examining short-term response of
the electrode, with experiment times being much shorter than these allowed for
studying of the diffusion step. The requirements for minimal perturbation are the
same as those recommended for diffusion investigations. However, at early stages
of electrode disturbance, the double-layer capacity (C) can affect the results, and
together with high resistance of the EASP electrodes (R), lead to high value of the
time constant (RC) of the electrochemical cell. The high value of RC is capable of
distorting the high-frequency experimental results.

Many electrochemical analytical combined methods allow for simultaneous
calculation of DC, exchange current (EC), and transfer coefficients. For example,
in a method called the coulostatic or charge-step method [28] a current pulse of
0.1-1 ps is applied to the electrode, and the variation of the electrode potential
with time after the pulse (that is, at open circuit) is recorded. The method is very
similar to GSPM; however, the instrumentation is different, namely, the charge is
injected by discharging a small capacitor across the electrode. The results are not
affected by the double-layer capacity and electrode resistance.

The SSCAM is the most advantageous method due to the reasons given in Part
2.2. However, to get consistency of the DC values calculated from the results of
combined methods and from the experiments where the diffusion exclusively con-
trols the overall rate, the experimental values of § = dg,4/dln ¢ must substitute the
9 = nF/RT in the BVE.

The equation for mixed kinetics in SSCA, has the form [42]

i(t) =1(0) exp(/lzt)erfc(/lx/f) (2.40)
where /(0) and \ are the formal parameters
1(0) = i [exp (—a®¥n) — exp (BVn)] (2.41)

and

. exp(Bnidn)
A=ig————.
0= FeodD (2.42)
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For simplicity, the latter equation neglects the diffusion limitations in the liquid
phase. The two limiting cases, when t — 0 and t — o0, yield from Eq. 2.30:

i(0) = 1(0)

which corresponds to the pure sluggish charge transfer reaction, and

{(00) I 1
i(00) = - ——

It
This is, in fact, Eq. 2.31.

Toroshchina et al. have conducted the SSCAM experiments with LixNbSe,
and Li,V,0s5 [15]. Small potential signal (+4-12 mV) was applied to the elec-
trode L,Z | 1 M LiClO4 (PC) at equilibrium at various degree of discharge, and
the response chronoamperogram was registered during 100-200 ms. The formal
kinetic parameters /(0) and A have been determined by fitting the experimental
curves to Eq. 2.40 by the nonlinear least-squares method, and the real parameters
have been calculated from Eqs. 2.41 and 2.42.

The obtained DC values, presented in Fig. 2.4, labeled as “SSCAM-DC&EC”
demonstrate good agreement between the results obtained by different methods.

To find the EC and transfer coefficient, Eq. 2.41 has been converted into two
convenient forms proposed by Essin in 1940 [42].

i
logJy = ———— — =logip — a??
OB = Texpon/RT) el T evn
and

i
logJ_ = =logi 0
o8 exp(—On/RT) —1 — 10gio+A0n

Both log J; and log J_ linearly depend upon polarization 7, and the both trans-
fer coefficients can be calculated from the slope of the straight lines (Fig. 2.5).
The experimental value of 9 has been used in all calculations. The relation dn/dln
J+ = 2(0E.,/0In cgqq) means that o« = B = 0.5 is satisfactorily fulfilled and does
not depend on x.
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Fig. 2.5 Polarization curves in Essin’s coordinate set for LiyNbSe; (a) and LixV,0s5 (b)
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The composition dependence of the diffusion coefficient of lithium in the lith-
ium vanadate Li,V2Os has a complicated character (Fig. 2.6). The extremes on the
DC—x the entropy—x curves appear at the same values of x, which is not surpris-
ing since both parameters are connected to the material structure. Calculation of
the DC from SSCAM experiment using 8 = nF/RT did not reveal such correlation
indirectly confirming the rationality of the developing approach.

In contrast to the case of the diffusion coefficients, a direct relationship with the
structure is not that obvious for the exchange current. However, the calculations
also reveal a relationship between the course of the entropy versus composition
plots and the exchange current versus composition plots (Fig. 2.7): in the region
where one phase exists (region x < 0.5 or x > 0.5 for Li,V,0s, and the entire range
of x for LixNbSe,) the curves are monotonic, and phase transformations cause
changes in their character. The results shown in Figs. 2.6 and 2.7 stand in contrast
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Fig. 2.7 Exchange current at various x on LixNbSe; (a) and Lix V205 (b)
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to some published work [43—46], where calculations were performed without con-
sideration of the experimental dependence of the equilibrium potential on x. Such
approach did not reveal dependence of iy on the composition of the solid phase. In
particular, the authors of the work [43] have not found any effect of lithium con-
tent in LixNbSe, on exchange current, despite such effect being in existence.

2.8 Selected Examples of OCP and Related Dependencies
on Lithium Content

In the previous parts of this chapter, few typical OCV curves have been described
from the phenomenological point of view. Besides the curves presented here,
numerous measurements of the OCP have been published for various materials;
thus covering the full spectrum of possible types of equilibrium potential versus
composition curves.

J.D. Raistrick et al. [2, 6] were perhaps the first who studied the thermodynam-
ics of electrochemical insertion of lithium into EASP. In these works, Gibbs
energy and entropy of lithiation of tungsten and vanadium bronzes have been
measured along with the determination of lithium diffusion coefficient.!! The OCP
and entropy curves of LixNags56WO3 were smooth, confirming formation of the
solid solution within the interval 0.0004 < x < 0.35. However, dgey/dx = dAS/dx,
similarly to the case of Li,NbSe, where the OCP curve can be approximated by a
parabolic curve (Fig. 2.4), while the AS — x dependence is linear (Fig. 2.7a).

Figure 2.8 represents the OCV and its temperature coefficient corresponding to
the process of lithium insertion into electrochemically deposited manganese (IV)
oxide [10]. In the area x < 0.7, the OCP demonstrates strong dependence upon
lithium content, while the temperature coefficient remains constant. The interpre-
tation of such peculiar phenomenon follows the case iii mechanism in Part 2.2.3.

Formation of a stage structure during lithium intercalation into graphite is a
commonly recognized phenomenon and was touched upon in Chap. 1 of this book,
in the section dedicated to carbonaceous anodes [47]. The OCP and entropy dia-
grams presented in Fig. 2.9 are perfectly consistent with the staging model. The
areas where both entropy and Gibbs energy do, or do not depend upon lithium
concentration, coincide with the corresponding composition ranges of different
phases (stages).

Figure 2.10 presents the thermodynamic and crystallographic properties of lith-
ium nickel cobalt oxide LixNi0_8C0()_202.12 The entropy curve is consistent with

' The diffusion coefficients found in the Li,Nags56WOj3 bronzes are of the order of magnitude
from 1072 to 10~7 cm? s~ 1. Such a high values of the DC would eliminate the rate-capability
limitations of the cathode material. So far, however, the high-rate LIB with tungsten bronze-
based anode has not been reported.

12 Mars rovers “Spirit” and “Opportunity” as well as other speciality battery consumers employ
lithium-ion batteries with cathodes based on this material.
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the direct crystallographic measurements. Thus, three areas of the curve can be
highlighted. There is a peak at x ~ 0.85, and a plateau at approximately
0.4 < x < 0.55 where AS = 0. The peak indicates that a phase transition develops
in the concerned composition region, while in the plateau area no changes in the
crystalline lattice are observed. At 0.2 < x < 0.3, the entropy slightly increases and
remains constant at x < 0.3. From this approach, it follows that the cathode
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material experiences the greatest impact during the last period of the charge where
the electrode potential drops below ~3.6 V. From these measurements it is appar-
ent that the smallest effect on the crystalline lattice is observed when the potential
of cathode material changes from ~3.8 to 4.0 V, i.e., x in LixNipgCop 20> varies
from ~0.35 to 0.55. In this region, the electrode delivers about 25-30 % of the full
capacity. The practical confirmation of the OCP curves was done in large, manu-
facturing-type cells (25 Ah) developed for an orbiter application by Yardney
Technical Products, Inc. The cells were charged to 3.9 V and discharged at C/2
rate during 1 h. After 25,000-30,000 cycles, their 100 % DOD capacity was
87-90 % of the initial.

Finally, with Fig. 2.11 taken as an example, the method called “dynamic capac-
ity” is discussed [49] When employing the methods of investigation of the EASP,
some researchers use the CVA at extremely low scan rates, down to few micro-
volts per second. It is suggested that at such rate, no concentration gradient forms
in the solid material, and the insertion proceeds at quasi-equilibrium conditions.
The value i/v is called the dynamic capacity (v is the potential scan rate), and is
equivalent to the derivative dx/dgeq. It is believed that the analysis of the dx/dgeq
VErsus @eq allows determining the points of phase transitions.

Overlapping of two curves dx/dgeq and dgeq/dT” demonstrates that two extremes
on the former curve (at geq ~ 3.55 and 3.60 V) match the peaks on the entropy
curve. However, the well-shaped peak at geq ~ 3.70 V on the dx/dgeq — @eq curve
most likely does not correspond to a phase transition. Further, there is no indica-
tion of possible phase transitions at geq > 3.9 V, which is prominent on the dgeq/
dT—geq curve.
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2.9 Conclusion

Modeling of the processes occurring in lithium ion batteries during cycling is impos-
sible without knowledge of fundamental thermodynamic and kinetic properties of
the electrode materials. The chapter offered an approach for interpreting the depend-
encies of thermodynamic functions, and determining kinetic parameters of the reac-
tion of electrochemical insertion—extraction of foreign ions into solid materials.

The chapter intentionally avoided appealing to the detailed microscopic
description of the materials and mechanisms of the reactions trying to show the
self-sufficiency of pure electrochemical methods for achieving the goals defined as
collection of the data necessary for modeling lithium-ion batteries.
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