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Module - 01
Introduction to electrochemical energy storage and conversion
Lecture - 04
Concepts of Thermodynamics Pertinent to Electrochemical Cells

Welcome to my course Electrochemical Energy Storage. And today we are in
module number-1, where | am introducing the basic principles of the chemical
energy storage and conversion. And in last three lectures, | have covered basics of
electrochemistry, then introduction of primary and secondary batteries, and super

capacitor in general.

And in this particular lecture which is lecture number-4, I will cover the concepts of
thermodynamics which are pertinent to electrochemical cell. As you can understand
this topic is large and the intention is not to exactly talk about the thermodynamics
at length, but whatever is necessary for you to understand the electrochemical

energy storage concepts.

So, first I will start with the topic of entropy, concept of enthalpy and free energies.
Then we will talk about free energy and its relation to chemical potential, conditions
of equilibrium, and mass action expressions. Then, we will talk about

electrochemical potential, the charge interface and associated Debye lengths.
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Concept covered

» Enthalpy, entropy, and free energy
» Free energy and chemical potential

» Condition of equilibrium and mass action expressions
» Electrochemical potential

» Charged interfaces and f)ebye lengths

» Concept of phase equilibrium
» Free energy composition diagram and voltage profile

I will also cover the concept of phase, and concept of phase which are in equilibrium
state in an electrochemical cell. And finally I will cover the free energy composition

diagram and how it is related to the voltage profile.
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Free Energy [f(H,S)]
Gibbs free - energy (G) needs to be minimized before equilibrium could be achieved. G comprises two
terms namely, enthalpy H and entropy §
Enthalpy (H)

When dq heat is absorbed by a substance and its temperature rises dT, then heat capacity ¢ = dq/dT

Enthalpy (H) = E + PV ( E is internal energy, P = pressure, V = volume of the system)
dH = dE + PdV + VdP, now from 1* law dE = dq + dW, hence

dH = dq +dW + PdV +V dP
At constant pressure dP = 0, and dW = - PdV

¢, (heat capacity at constant P) = (dq/dT), = (dH/dT),

Integrating, H' = H o2 = 394" [Coem AT, Formation enthalpy of the elements in their
standard state at 298 K is assumed to be zero i.e H,,, 2 = 0

The heat content of a compound at T,
AHT=AH,,, + e

dT; usually ¢, = A +BT + C/T?

Now, as you know first let us talk about the free energy which is a function of
enthalpy and entropy. So, the Gibbs free energy needs to be minimized before
equilibrium could be achieved. So, this free energy G that comprises two term — one

is enthalpy this H, and another one is entropy.



So, in case of enthalpy we know that when dg amount of heat is absorbed by a
substance and its temperature say is raised by dT, then we can define the heat
capacity (which is denoted by this small c) is the differential of the heat that is being
absorbed per unit temperature rise.

¢ =dg/dT

Now, this enthalpy term can be written in terms of internal energy, pressure of the

system and volume of the system.

Enthalpy (H) = E + PV ( E is internal energy, P — pressure, V — volume of the

system)

So, if you differentiate that, you will get this expression.

dH = dE + PdV + VdP

And from 1st law you can obtain the following expression for this change in internal
energy which is equal to the absorbed heat plus the amount of work that is being
done.

dE =dq + dW

dH =dq +dW + PdV +V dP

If you consider a constant pressure, then this dP=0. Therefore,
dW = - PdV

dH =dgp

So, dH at constant P is equal to dg, which means enthalpy is the heat absorbed or

released by any substance at constant pressure.

cp (heat capacity at constant P) = (dg/dT)p = (dH/dT)p



T 298 _ T
H' — Helem™ ™ = 208 .[CPeIem dT.

So, the formation enthalpy of the elements in their standard state at temperature of
298 Kelvin is 0. So, elemental enthalpy is 0. Now, if you consider a compound at a

particular temperature, then this enthalpy change this can be given by this relation.
AHT = AHsorm + 298T.[CP, comp dT
And usually the expression for c, is taken as a power series

cp = A +BT + C/T?
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Entropy (S) Free Energy [f(H,5)]

Disorder constitutes entropy, macroscopically it can be defined as dS = dq,,,/T, dq,,, heat absorbed in rev process
In microscopic domain, Boltzmann defined
§ =k In € ( k Boltzmann’s constant and {2 is the different configurations in which the system can be
arranged at constant energy. Various types of S is possible

+ Configurational entropy = S related to the number of configurations in which the various atoms
and/or defects can be arranged on a given number of lattice sites,
+ Thermal entropy - ) is the number of different configurations in which atoms/ions can be arranged
over existing energy levels.
+ Electronic and Other forms of entropy (viz. randomization of magnetic or dielectric moments)
Configurational entropy

Number of ways of distributing n vacant sites and N atoms on n +N sites

Q= (n+N)! /nINl applying Stirling’s approximation (Inx! = xinx - x )

Seontig = = K IN'In N/(N -+ n) + n In n/(n + N)} , (solve as an assignment problem); in case of
mixing two solids A and B that form ideal solution

Seongig = - R (=kN) (x,Inx, + Xg In x5) where R is gas constant and x, and x; are the mole
fractions of A and B

Now, we will talk about entropy. Disorder constitutes entropy macroscopically

which can be defined as

dS = dqre /T

Boltzmann defined entropy as
S=klnQg

where omega beta is the term for different configuration in which the system can be

arranged at constant energy.



Various types of entropy are possible. Configurational entropy relates the number of
configuration in which various atoms or defects that can be arranged on a given
number of the lattice site. We have another term which is thermal entropy, and that
is actually number of different configuration in which the atoms or ions can be
arranged over an existing energy level. We will talk more about it. And electronic
entropy and other forms of entropy are also important that is dependent on, for

example, randomization of magnetic or dielectric moments in certain materials.

So, the expression for configurational entropy can be derived by distributing the

number of n vacant sites and N atoms.

Qg =(n+ N)!'/nIN!

Applying Stirling’s approximation

In x! = xInx — X

Sconfig = - K [N In N/(N + n) + nInn/(n + N)]

So, you can work it out and as a part of your assignment. This is relevant when we
mix two solids A and B in the form of an ideal solution. So, configurational entropy
for the ideal solution is given by this relation

Sconfig = - R (XaIn Xa + Xg In Xg)

where R is gas constant and xa and xg are the mole fractions of A and B



(Refer Slide Time: 09:41)

Free Energy [f(H,5)]

Thermal entropy
As the atoms or ions vibrate in a solid, the uncertainty in the exact value of their energy constitutes
thermal entropy S,

dS; = dq,,,/T=c,/TdT; integrating

AC = T

AS; = e /T dT

Microscopically, it can be understood as follows: the vibrational energy levels of atoms in a crystal are
quantized. If the atoms behave like simple harmonic oscillators the spacing between energy level is & = (n +
%) hv, where n =0, 1, 2.....vis the bond's characteristics vibration frequency.

v = 1027 (Sy/M,q) 2, S, is spring constant and M., = my.m,/(m, +m,) is the reduced
mass of a ceramic system with atoms of masses m, and m,

£ =(n+%) h /27 (S,/M, )2 i

Spacing between energy level is large for strong bonds and lighter atoms

At absolute zero the atoms populate the lowest energy levels available, and only one

configuration exists. Upon heating, probability of exciting atoms to higher energy levels

increases, it means Sy is increased

Now, thermal entropy is related to the atom or ion vibration in a solid, and the

uncertainty in the exact value of their energy constitutes thermal entropy

ASt =0 "J(cp/T) dT

So, microscopically, it can be understood as follows. The vibration energy levels of
atom in a crystal are actually quantized. And if atoms behave like simple harmonic

oscillators, then the spacing between the energy level can be defined as

e =(n+ %) hyv, where n = 0, 1, 2.....v is the bond’s characteristics vibration

frequency.

v=1/2n (So/Mred)“Z, So is spring constant and Mg = my.my/(my +my) is the reduced

mass of a ceramic system with atoms of masses m; and m,

e=(n+%)h /21 (So/Mieq)"?



So, it can tell you that spacing between the energy level is large for the strong bond
and lighter atoms. So, when you are at absolute 0 K temperatures, the atom
populates at the lower energy levels which are available, and only one kind of
configuration exists. When you heat the material, probability of exciting atoms to

higher energy levels increases with St also increasing.
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Free Energy [f(H,S)]

Thermal entropy

Following simpler Einstein solid model, it is assumed that the non - metallic crystalline solid consists of
N,y independent harmonic oscillators all oscillating with same frequency v, at all temperatures,
§:= 3Ny k [hv,/KT(exp hv, /KT - 1)] = In (1= exp -hv /KT))
For temperature KT » hv, and exp x = (1 + x) the equation simplifies to
S;= 3R In (kT/hv,) +1)

Implications
+ S is a monotonically increasing function of T

¢+ S, decreases with increasing v, . v, scales with S, (bond strength). For a given
temperature, ceramics with weaker bond strength has higher thermal entropy.
Polymorphic phase transition will occur from ¢jose pack structure to more open
structure

+ The associated entropy change for phase transformation or the formation of defects is
(frequency changes from v to v') then,

ASy™ = 3R In (VIV') if v> v then A is +ve

So, Einstein simplifies this. So, in Einstein solid model, it is assumed that the non —
metallic crystalline solid consists of Nayv (Avogadro number) independent harmonic

oscillators all oscillating with same frequency v at all temperatures.
So, we can have a simplified equation of the thermal entropy.

St = 3Navk [hve/[KT(exp hve/KT - 1)] — In (1 — exp -hve/kT)]

For temperature KT » hve and exp X = (1 + x) the equation simplifies to

St=3R [In (KT/hve) + 1]

So, this relation tells you that thermal entropy monotonically increases with a
function of temperature, and it decreases with increasing frequency ve. And in fact,

ve scales with the bond strength. For given temperature, ceramic which are having



weaker bond strength has higher thermal entropy. So, you know the polymorphic
phase transformation will occur from one crystal structure to another crystal
structure without changing their composition. Usually, it occurs from a closed pack
structure to more open structure. So, in case of zirconia monoclinic to tetragonal that
kind of phase transformation occurs. The associated entropy change for phase
transformation or the formation of defect particularly for the frequency change from

say v to v’ is given as:

AST"™™ = 3R In (v/Vv') if v> v’then 457" is +ve
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Free Energy [f(H,)]

Electronic entropy

At OK electrons and holes in semi = conductors and insulators are in their lowest energy state, and only one
configuration exists. At higher T they are excited to higher energy levels, and the uncertainty of finding
them in any number of excited energy levels constitutes a form of entropy

Other forms of entropy

Non - metallic elements and compounds might have magnetic or dielectric moments. These
moments can be randomly oriented or ordered. When they are ordered then say magnetic
entropy, is zero since there is only one configuration. As T is increased then S, increases with
the increase of the number of possible configurations. Same is also applicable for dielectric
moments

Total entropy

+§

Slul = smnﬁg + ST t Sclcc other

Apart from this we have electronic entropy at 0 degree Kelvin; electrons and holes
(particularly in semiconductors and insulators) are at the lowest energy state, and
only one configuration exists. At higher temperature, they are excited to higher
energy level, and the uncertainty of the finding of them in any number of the excited

energy level constitutes the form of entropy.

There are other forms of entropy, such as magnetic or dielectric moment. These
moments can be randomly oriented or ordered. When they are ordered they say

magnetic entropy, is zero since there is only one configuration.



As temperature increases, then S increases with the increased number of possible
configuration. And same thing is applicable to dielectric moment as well dielectric
polarization that can also be arranged under certain condition. And with the increase
in temperature, they can be completely random particularly for a ferroelectric to

paraelectric kind of phase transition.

So, the total entropy constitutes configurational entropy, thermal entropy, electronic

entropy, and the other entropy which is the magnetic and dipole moment.
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Free Energy and Chemical Potential

& can be number of vacancies, number of atoms in the gos
AG = AH-TAS

7 phase, the extent of a reaction, the number of nuclei in a super =

wie g cooled liquid etc.
The equilibrium condition is

G
x"\(l’ PT.ni e
M
)
§ —

The chemical potential is the work that would be required to remove an atom from the
bulk of an uncharged solid to infinity at constant pressure and temperature, while
keeping all other chemical components, j, in the system fixed.

Now, if you plot this free energy as a function of a parameter which is x;. The x; can
be various types of thing not all relevant to your electrochemical energy storage, but
in general there can be number of vacancies, number of atoms in a gas phase, the
extent of a reaction the number of nuclei in a super cooled liquid when it is being
crystallized. So, various types of this Xx; is possible.

So, at equilibrium condition
AG| P,T, ni = 86/8& =0

Ui = SG/SHHP'TJ



So, physically the chemical potential is a work that would be required to remove an
atom from the bulk of an uncharged solid to infinity at a constant pressure and
temperature while keeping other chemical components which is defined as j in the
system fixed. So, | guess that you could understand now the significance of this

chemical potential.

(Refer Slide Time: 18:17)

Free Energy and Chemical Potential

Standard chemical potential
Mathematically

W= nC+RTIna, wherea =7, X, wherey,is the activity coefficient and X, mole fraction respectively
y,= 1 (Henrian activity coefficient), activity is equal to mole fraction,

To measure a,, partial pressure measurement of the species is a tangible solution
a3,= P, /P, where P°is the partial pressure in the standard state. For gases P*is 1 atm or 0.1 Mpa
Experiments Element M in an evacuated and sealed container. Heat at T, equilibrate, measure P,°
For MN alloy (M:N 50:50) repeat the same experiment. Three possible outcome:
1. The fraction of M atoms in the gas phase is equal to their fraction in the alloy, 0.5, the
solution is termed ideal and a, = P,/P° =0.5 =X, and ;= 1
2. Fraction of M in gas phase < 0.5, 3, = P/P° <0.5 =X, y,< 1 (M atom prefers to be in solid)
3, Fraction of M in gas phase > 0.5, 3, = P/P? 0.5 =X, 7,> 1 (M atom prefers to be in gas)
Thus, by measuring the partial pressure of an element, or a compound, in its pure state
And by repeating the measurement with the alloy, its activity is estimated.

So, standard chemical potential is defined mathematically as p;°

wi = pui®+RT Ina where a; =y; X; where y; is the activity coefficient and X; mole

fraction respectively

vi = 1 (Henrian activity coefficient), activity is equal to mole fraction.

This p; is constitutes two parts — one is at standard state and then it depends on gas
constant and temperature, and In of the activity part. So, this activity is defined as vy;
into X; where, vy; is the activity coefficient and X; is the mole fraction that is there in

the system.

So, usually y; is taken as one and we call it Henrian activity coefficient. So, the
measurement of activity is not very relevant for this lecture, but still I will just go

through it. So, you can measure it.



To measure a; , partial pressure measurement of the species is a tangible solution

a; = P; /P°, where P° is the partial pressure in the standard state. For gases P° is 1 atm
or 0.1 Mpa

So, the experiment that is done is you take an element M and evacuate a sealed
container which is there in a sealed container heat at a temperature T, and then
equilibrate it and measure the value of P, that partial pressure of the metal at

standard state.

Now, you consider an alloy of MN say you have taken 50-50, and repeat the same
experiment. So, you can have three possible outcomes. The first outcome is the
fraction of M in the gas phase is equal to their fraction in the alloy which was 0.5.
Then the solution is term ideal. So, a; is P; by Pg that is 0.5 that is equal to the mole
fraction and gamma is equal to 1. Likewise, the fraction of M in gas phase could be
less than 0.5.

So, yi is coming less than 1, so that means, physically that M atom prefers to be in
the solid. And when v; is more than 1, then M atom that prefers to be in the gaseous
state. So, you measure the partial pressure of an element or a compound in its pure

state and by repeating the measurement with alloy its activity can be estimated.
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Chemical Equilibrium and Mass Action Expression
M(s) + % X, (g) = MX (s) AG,,,
Using the mathematical expression of chemical potential
F = MOy + RT Inayyy
Hy = Ko +RTIn ay,
i = %5 WO + RT InPy, /2

Free energy change associated with this reaction is
AG = My = (Hy * 1y, ), inserting the chemical potential expressions above

AG = (Mo~ 1 =Y Hya ) + RT In [(ay)/(ayy. P,™2)]

AG,,, = AG®,, + RT In K



So, if | take a simple equation like a solid is reacting with a gas component to form
another solid and the free energy change can be related to this chemical equilibrium

and mass action expression. So, the mathematical expression is
mx = wmx + RT In apx
UM = MOM + RT In ay

tx2 = Y2 p%; + RT InPy,?

So, your free energy change del G reaction that is given by this relation.

AGn = umx — (um + uxz ) , inserting the chemical potential expressions above
AGxn = (1% - 1M — % pix2 ) + RT In [(awx)/(am . Px2'?)]

Aern = AGOrxn + RT |I"I K

We will be using the above relation you can achieve from chemical potentials

through mass action expression.
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. Chemical Equilibrium and Mass Action Expression

M(s) + % X, (g) = MX (s) AG,,,
Free energy change associated with reaction is AG,,, ,
Driving force for any reaction is composed of

. how likely one expects the reaction to occur under standard conditions and

. the reactants may or may not be in their standard states. The driving force AG,,, for a reaction is
given by AG,,,, = AG,,° + RT InK (just now it s proved)

Where AG,,,° is the free energy change associated with the reaction when the reactants are in their

standard state, as K = a,,,/a,,(Py,)"/? (mass action expression) and 3, = ,, = Py,= 1, in the standard state

K=1andInK=0and at AG,,°= AG,,, equilibrium AG, =0

At equilibrium; AG,,,, = 0 and K is known as the equilibrium constant of the reaction (K}
AG,y, =« RTInK,,

Hence at equilibrium K = K, = exp =[AG,,,° /RT]

nn




So, again we go back to the same equation. And free energy change associated with
this relation is AGx, So, the driving force for any reaction that is basically
composed of two things. One is how likely one expects in the reaction to occur
under standard condition. Second the reactants may or may not be in their standard
states.

So, the driving force del G rxn for a reaction then is given by this relation which
just now | have proved. So, this is in the non-standard case. Now, this value AG "
is the free energy change associated with the reaction when the reactants in their

standard state. Now, what is this standard state?

1/2

When the reactants are in their standard state, K = amx/aw(Px2)"* (mass action

expression) and amx = am = Px2=1

In the standard state K =1 and In K = 0 and at AGxn ° = AGxn
At equilibrium AG.x, =0

AGn® = - RT InKqq

Hence at equilibrium K = Keq = exp —[AGixn ° /RT]
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Electrochemical potential

The definition of chemical potential (1) was work needed to bring one mole of i species from infinity to bulk
phase. In ionic ceramics, and ions in solution the definition needs to be modified. Electrochemical potential is
0= /Ny + 220,
for a charged particle of net charge z,e and ¢ is electric potential, N,, - Avogadro No. Reorganization yields
0= Ny Ny #2080 Ny -

0™ 14 20, Ny, now e.N,, is Faraday constant = F, F = 96500C/equivalent

"=+ 2,..F
The driving force on a charged species is the gradient in its electrochemical potential, condition for
equilibrium, therefore dn /dx = 0

In order to insert a charged particle into a given phase, an interface has to be crossed (say
in Li ion electrode materials), If that interface is charged w.r.t bulk, the electric work must
be considered (will be discussed more when we will talked about electrochemical

properties of non = metallic materials)



Now, electrochemical potential is the work that is needed to bring one mole of i
species (any species) from infinity to the bulk phase. So, in ionic ceramics, this is
important; and for ion in solution, the definition needs to be modified. So,

electrochemical potential is given by the following relation
Ni = wi/Nav + zZied

So, if you reorganize that yields, this molar electrochemical potential gives the

relation.
ni ™= 1i/Nav .Nav + zi.e.¢. Nav

nimolar: U; + 7 .¢.F

So, this product e and Avogadro number is nothing but Faraday constant, which is

96500 coulomb per equivalent.

The driving force on a charged species is the gradient in its electrochemical

potential. At the condition for equilibrium, dni/dx =0



In order to insert a charged particle into a given phase, an interface has to be crossed
(say in Li ion electrode materials). If that interface is charged w.r.t bulk, the electric

work must be considered
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Charged interface: concept of double layer and Debye length

Most interfaces and surfaces are indeed charged, several factors contribute including but not limited to type of
interface and class of non = metallic materials,

Interface or surface  Diffuse layer  Diffuse layer extending

MOMOM into the bulk from the
OMOMDO MOM + * interface. Cations lead
OMO H (2 to sheet of positive

M () M

9w
A t charge
OMOMO E M -
MOMOM OMO Hle
4 MOM + -

|
lon of bulk subjected to  Near an interface the forces Sheet of positive surface charge
symmetric force are no longer symmetric, and

the ions migrate one way or

another

So, now most interface and surface they are indeed charged, the several factors that
contribute include the type of the interface and class of the ceramic material in the
non-metallic type of materials. So, you can see that ion in a bulk, they are subjected
to a symmetric force by the anions and this cation bond. Now, near the interface, the
forces are no longer symmetric and ions migrate one way or another. So, migration

is possible.

So, if you dip this in an electrolyte which is having salt, then depending on this
charged surface which is shown the sheet of positive charge here at the interface
from the electrolyte the negative anion they get attracted and forms a stern layer here

at the first interface.

But once you move into the solution, you will see that the concentration of this

negative ions balance the sheet of the positive ions to form an electric double layer.
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Charged interface: concept of double layer and Debye length

o= (el 22K g, k. T) 2
n, is number density of defect in the bulk,

+ +

+N  Excess diffuse t ~ K'is the dielectric constant

: negative charge +l, W

B i = Applicable to dilute solutions and breaks
M e S 4 down at higher concentration.

+ ( bulk +
Distance x into bulk —* Sheet of charge equal in magnitude to

surface charge at a distance 2 from

Net positive charge is compensated by interface, Debye length = thickness of
a distribution of negatively charged  ha pouble layer

cation vacancies V" in the bulk,
Charge distribution of cation vacancies
are shown (Double layer formation)

So, this is the type of electric double layer that is formed. And as | told that the net
positive charge is compensated by a distribution of negatively charged cation
vacancies in the bulk. And charge distribution of cation vacancies they lead to the
double layer formation. So, you can estimate the value of double layer by this simple

expression, which constitutes the number of defect in the bulk.
A= (€%ni. zHI(K'. . k. T)Y?

n; is number density of defect in the bulk, K’is the dielectric constant

So, this material is not perfect. It depends on the dielectric constant of the electrolyte
and the other parameter like temperature, charge associated with the cation and so
on. So, this is only applicable to a dilute solution. And at higher concentration, it
breaks down. So, this is called the Debye length wherein the sheet of charge equal in
magnitude to the surface charge at a distance of lambda from the interface. And this

Debye length is actually the thickness of the double layer.
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Phase equilibrium

Consider an electrochemical cell without transference (no concentration gradients in electrolyte) below:

o [} & £ [ o' Under conditions when this cell is not drawing
or providing any current (Open Circuit), the
Metal | Metal | Electrolyte | Solid |Metal | Metal phases in contact must be under equilibrium,
Solution Salt The open circuit potential is related to the
difference in electrochemical potential of
electrons in o and o’

Phase o is equilibrium with phase B If two phases are in equilibrium and a neutral species A s
Phase [3 is equilibrium with phase & present in each phase (like in electrolyte and solid salt),
Phase § is equilibrium with phase £ then the chemical potential of A must be same in the
Phase & is equilibrium with phase

. £
two phasesie.p® =y, 4 Similarlyin case of charge
Phase ¢ is equilibrium with phase &’ P By =hye Y g

species such as electrons in metal, electrochemical
! ’ “ f
potential must be same.ie.u, =y,

Now, we will talk about the phase that is there inside the material. So, you can see in
an electrochemical chain you have metal which is current collector. Then you may
have another metal like copper, then you have electrolyte solution. Then you have
inside the electrolyte solution a solid salt. Then you have another metal and then you

have the final current collector.

So, you can assume there is no concentration gradient in the electrolyte under
condition when the cell is not drawing any power. We call it is an open circuit
condition. And this must be under equilibrium. So, open circuit potential is related to
the difference in their electrochemical potential of electrons which is there in alpha

and alpha dash.

So, as | said this phase « is in equilibrium with B, that is in equilibrium with &, then

e and then finally, ¢. So, you can write under equilibrium condition

&
/ig =HUa

Similarly, in case of charge species such as electron in metal, the electrochemical

potential must be same.

wy =HUy
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Example - S
. From phase equilibrium relationships:

2 S " = “els ' unﬂl = Iio“a uc.;zo“ = 1-lcuzaﬁ and “Eu]*ﬁl - u(.'urth

p

Pi(s) Cufs) | Puls)

i b
Cufs) jCuSO, in H,0|

Cell Potential U is now related as : FU = (%~ p,*)

We write out the electrode reaction for this cell as Cu= Cu® + 2e', which at equilibrium results in a condition

Mgy = utu2v+ 2 He.

Substituting in the cell potential relationship

1 1 . : ;1 1 1
FU= 2 p‘(uﬁ 3 utu[! -% “{qun-l' % u[quIN 5 2 p{u[;' 2 p(u“

Notice how using phase equilibrium and electrode reaction equilibrium conditions,
we were able to relate the cell potential with chemical potential of participating
species.

I will cite one example. So, this is the chain platinum — one metal, then copper, then
copper sulfate in H,O, then you have another copper metal, and then you have a
current collector. So, from our definition, phase equilibrium relationship this

equation is valid.

, , B ’ d
He* = leeB » Me® = leeB ) HCu2+B = pcuz+ and HCU2+B — Hcuz+

So, | have already told you that you can calculate the cell potential, where the
Faraday constant is multiplied by equilibrium potential voltage at open circuit to get
the chemical potential of electron in alpha minus chemical potential of electron in

alpha dash.
FU = (ne>- He“’)

We write out the electrode reaction for this cell as Cu— Cu?* + 2e’, which at

equilibrium results in a condition

Ucu = Ucua+ T 2 He-

Substituting in the cell potential relationship



, 5 B

_1 1 5 _1 N
FU =~ I > e — ¥ Mowas+ ¥ Houzs” = 5 Meu P

1
5 Hcu

Notice how using phase equilibrium and electrode reaction equilibrium conditions,
we were able to relate the cell potential with chemical potential of participating

species.
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Another Example

Cell Potential U is related as : FU = (- u,)

« | p §

Li(s)

£ 19 |« The two electrode reactions are :

Pu(s) LiCl in DMSO |TICKs)

TiHg)fPrs) Lelitte T+ eTiC+e
Using phase equilibrium conditions, we arrive at the expressions:

TREITTRE T Hr® + Mo b= Hg + 1.

Substituting in the cell potential relationship

FU = P p® = %= e g = - = e+ b

The most astonishing feature in both the examples is that the cell potential is related
to the thermodynamic properties of neutral species, even though phase equilibria
was established in terms of charged species. This is good since we cannot measure
chemical potential of charged species since it is difficult to isolate. |

| have given here another example, the same kind of electronic chain. And | leave it
on you to calculate this value, the electron chemical potential in alpha and electron
chemical potential in alpha dash. Now, here you must remember that it is not a
single phase relation here | have put lithium. So, lithium is getting oxidized and you

have also titanium chloride salt here.
Cell Potential U is related as : FU = (pe™ - pe™ )

The two electrode reactions are :

LioLi"+e :TI+Cl oTICI + ¢

Using phase equilibrium conditions, we arrive at the expressions:



pr® + Mcl-8 = purict® + He-
HLiB = }zlLi+8 + He-a
Substituting in the cell potential relationship

FU = pif - pn® - piis® - perl® + pnier® = pu - pon® — poict © + priel®

And you can see this is a nice example that shows the cell potential is related to the
thermodynamic properties of the neutral species because the charged species is
somehow it gets cancelled. So, only neutral species that is there. And this is good
because we cannot measure exactly the chemical potential of the charged species
since it is difficult to isolate. So, if our voltage term constitutes only the neutral

species that is making our life easier.
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Free energy change - composition diagram

Yay

AGy = Xyp + Xy = XyRT In(a,) + X, RT In(ay,)
=X RTIn(X,) + X, RTIn(X,) + RT In(y, ™ v,,)

—x,' Li is homogeneously distributed (Solid Solutions)
s For each o« and f phases, the expression of

At intermediate compositions, a

O®0 simple mixture of & and f§ phases

fo’g*‘ L@@ il have least free energy of

M4 4444444

i ® O mixing. At such compositions, the
e IO ‘e:et t chemical potentials of the

A A A B ; h phas
% Presence of L rich regions  “O™MPONENts In each phase
remains fixed

Finally, this 1 will not elaborate in this lecture because | will elaborate in other
lectures, but just to maintain the continuity you know that in a two phase mixture of
two different types of atoms say this green and blue. So, always you can derive the

free energy change after the mixing.

And this relation is with the mole fraction and the chemical potential of x and the

other component which is the in this case is lithium. And then you can write this



relation, and eventually you can plot the free energy diagram. So, in this case, it is a

solid solution because one component is homogeneously mixed with others.

AGp = Xx ux® + X uii® = Xx RT In(ax) + X.i RT In(aLi) = X< RT In(X,) + X4 RT In(Xy) +
RT In(vxXx VuiXLi)

And in this case, this is a two phase mixture although | have shown that this is
affluent in green, and this is affluent in blue, but one or two green also you assume
that that is there. So, it is a clear cut mixture of two. So, in case of a solid solution,
you can actually estimate I will show later part of your assignment problem that how
to get this one. And in case of a mixture of two phase, you get two AGy minima

here.

Now, the important part here is that at any composition of lithium if you can draw a
tangent, then wherever it cuts this axis where lithium is maximum that will give you
the chemical potential of lithium. For the other phase, the chemical potential you can

get from here. Same thing applies here.

So, if you draw at this particular composition a tangent, it will come here; for this
one it will come here. And if you have a common tangent that indicates that the
phase mixture here this phase mixture they are having the minimum free energy
condition. So, this is just the implication of the free energy change and composition

diagram.
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Shape of voltage profiles
If we take electrolyte such that it has no
concentration gradients in it and is in its
standard reference state, then open circuit
potential should depend only on chemical
potential of Li in the electrode phases

U =(p," - 1, °)/F

Sloping voltage-composition characteristics

Flat voltage-composition characteristics

What is more important is that once you have this chemical potential known from

this composition then you can relate it with the equation that | have shown
U= -(u* - u,")/F

And you can see that if you have a solid solution, then you have a sloping voltage
profile. As you put more lithium during your discharge into the cathode, then you
will see that this kind of sloping voltage. But instead if you have a two phase
mixture, then we will prove later that it will give you a constant kind of thing, and
then it will fall here and here. So, shape of the voltage profile that can be related
with the free energy versus composition diagram.
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#» John Newman and Karen E. Thorpas-Alyea, Electrochemical Systems Third Edition,
Electrochemical Society Series (supplementary study material) [Chapter 1, 2 and 8]

» David R. Gaskell, Introduction to Thermodynamics of Materials Fourth Edition, Taylor & Francis

group [Chapter 9, 10, 14 and 15)

So, references are these two nice books. As | have said | have not covered
everything, but whatever is needed for you to understand the topics that I will be

describing in future. So, these two books are important.
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Enthalpy, Entropy (configurational, thermal, electronic, other types), and free energy
Free energy and chemical potentials

Chemical equilibrium and mass action expressions

Electrochemical potential

Electrode - electrolyte interaction

Concept of phase equilibrium

Relationship of Gibbs free energy-composition diagrams with voltage profiles

So, in this particular lecture, we have introduced enthalpy, entropy, configurational,
thermal, electronic, and other types, then free energy, then free energy, and chemical
potential, then chemical equilibrium and mass action expressions. Then we introduce

the term electrochemical potential.



Then electrode electrolyte interaction, concept of phase equilibrium at least in the
equilibrium state, and how you can estimate the open circuit potential under
equilibrium and then finally, | have touched the Gibbs free energy composition
diagram with voltage profile.

Thank you for your interest.



