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“Thermodynamics”

What is the purpose of thermodynamics?

Prediction of the future of our system at a given condition

a subset of the universe of interest

TA,PA,VA TB,PB,VB

TA → TB

PA → PB

VA → VB

State A State B

Process

Relationship

𝑃𝑉 = 𝑅𝑇



System

Surrounding

Boundary

Properties(Variables)

Process (ΔProperties)

Equilibrium (Δ Properties=0)

Relations

In practice, the focus of thermodynamics is on a subset of the

universe, called a system.



Temperature, T

Pressure, P

Compositions, Xk

Volume, V

………

System

Boundary

Surrounding



The condition of the system at the time of observation is described in terms
of its properties, quantities that report aspects of the condition of the

system such as its temperature, T, its pressure, P, its volume, V, its chemical
composition, and so on.

As the system is caused to pass through a process, its properties

experience changes.

A very common application of thermodynamics is the calculation

of the changes in the properties of a specified system as it is

taken through some specified process.

Thus, an important aspect of the development of thermodynamics is the
deduction of relationships between the properties of a system.



The Laws of Thermodynamics

(1) There exists a property of the universe, called its energy, which cannot change no

matter what processes occur in the universe.

(2) There exists a property of the universe, called its entropy, which can only change in

one direction no matter what processes occur in the universe.

(3) A universal absolute temperature scale exists and has a minimum value, defined to

be absolute zero, and the entropy of all substances is the same at that temperature.

Δ𝑈 = 𝑄 +𝑊 +𝑊′ 𝛿𝑄𝑟𝑒𝑣 = 𝑇𝑑𝑆 𝑇 = 0𝐾

𝑑𝑈 = 𝛿𝑄 + 𝛿𝑊 + 𝛿𝑊′ = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 + 𝛿𝑊′



In an isolated system, the entropy is a maximum at equilibrium.

an isolated system
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Chapter 6 : Statistical Thermodynamics

6-1 Introduction

<Phenomenological (classical) thermodynamics>

No use has been made of the idea that the substance of the system is actually composed

of atoms or molecules and the behavior of the system is somehow related to the

properties of the particles that compose it.

<Statistical (atomistic) thermodynamics>

In a system consisting of a single atom, position (x) and momentum (p) should be

specified for a complete description of its state.

Momentum, p
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hpx 

x

p

‘Heisenberg uncertainty principle’

Condition of the system= State

= (x,p)

State A  (xA,pA) ≠ State B  (xB,pB) 



In a system consisting of No atoms, position (x) and momentum (p) for all those atoms

should be specified respectively for a complete description of its state.

Condition of the system= State

= {(x1,p1), (x2,p2),…, (xNo,pNo)} : Microstate

Momentum, p
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atom1

atom2

atom No

≠ {(x1’,p1’), (x2’,p2’),…, (xN’o,pN’o)}: a different Microstate



6-2 Microstates, Macrostates and Entropy

For simplicity, let us consider a system

consisting of 4 particles (a,b,c,d) arranged

over only two energy level (ε1, ε2).
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Particles: a,b,c,d &  States: e1,e2

Microstates(24=16)

A complete description of x and p for all those

atoms comprising the system

A complete description of how many atoms

arranged over all x and p coordinates



Particles: a,b,c,d     &  States: e1,e2

Microstates(24=16)
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Since the particles are assumed to be physically identical, the macroscopically observable

behavior of the system is not dependent on which particles exist in a given state, but

merely on how many particles are in that state.

Microstates listed as B, C, D and E in Table 6-1 give the same values for the macroscopic

properties of the system. Each of these microstates corresponds to the condition “two

particles are in state e1 and two particles are in state e2” This observation gives to a much

more efficient and useful way of describing the state of a system at an atomic level, called

the macrostate for the system.



To specify the macrostate of a system at a given instant in time, focus not upon the

particles but upon the list of possible conditions or states that the individual atoms can

exhibit.

In general case, a macrostate is specified by assigning a number of particles to each of

the r available states.

The set of numbers (n1,…nr) is a distribution function specifying how the atoms are

distributed over the energy levels. This distribution describes the macrostate for the

system.

e1 e2 e3 … ei … er

n1 n2 n3 … ni … nr



The number of microstates that corresponds to a given macrostate is a central

quantity in the development of statistical thermodynamics.

From the atomistic point of view a thermodynamic process, which is a change in the

macroscopic state of the system, corresponds to a redistiribution of the atoms over their

allowable states, or to a collection of changes in the number of particles in each atomic

energy state.



For a general system composed of No particles distributed over r states, the description of

a particular macrostate has the form of a distribution function:

(n1, n2, n3, …, ni, …, nr)     where ni is the number of particle in state ei.  

How many microstates correspond to the macrostate (n1, n2, n3, …, ni, …, nr)?

How many different ways can No balls be arranged in r boxes such that there are n1 balls

in the first box, n2 in the second and so on to nr balls in the rth box?
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The probability that the system exists in a given macrostate is the ratio of the number of

microstates ΩJ that correspond to the Jth macrostate to the total number of microstates the

system may exhibit.



Of all the macrostates that can exist for a system, one contains more microstates than any

other. This macrostate has the maximum value of Ω and the maximum probability of

appearing at any instant in time.

Macrostate, J

L
o

g
 Ω

J

Jmax

max

Macrostates that differ significantly from the maximum probability state have negligible probability of

occurrence. Thus, the maximum probability state, or those very near to it, are observed almost all of the

time. If this most likely state is interpreted as the macrostate that correspond to the equilibrium state for

the system, then this hypothesis forms the basis for connecting the statistical, atomistic description of

the system with phenomenological thermodynamics.



 lnkS

In the phenomenological thermodynamics the equilibrium state is also characterized by

an extremum; the entropy of an isolated system is a maximum at equilibrium.

This correspondence suggests a connection between entropy and Ω, the number of

microstates corresponding a given macrostate. If the functional relationship between

these quantities is monotonic, that is, both either increase together or decrease together,

then when one function maximizes, so does the other.

These considerations lead to the basic assumption that connects the atomistic and

phenomenological descriptions known as the Boltzmann hypothesis:



6-3 Conditions for Equilibrium in Statistical Thermodynamics

In the atomistic description of the thermodynamic behavior of a system, the equilibrium

state is that particular macrostate which maximizes the entropy of the system when it

is isolated.

<General strategy for finding conditions for equilibrium>

1. Write an expression for the change in entropy of the system in terms of the variables

that define its state. In statistical thermodynamics, these variables are (n1,n2,…,nr)

2. Write expressions for the constraints on the variation of these variables imposed by

the limitation of an isolated system.

3. Derive the set of equations that must be satisfied in order for the entropy function to

be a maximum, subject to the isolation constraints.



6-3.1 Evaluation of Entropy

The entropy of a macrostate
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No restrictions are imposed upon the nature of the redistribution of the

particles over their energy levels.



6-3.2 Evaluation of the Isolation Constraints
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Recall that the application of the criterion for equilibrium requires that the system be

isolated from its surroundings.

Isolation from the surroundings implies that, whatever processes occur inside the system,

the total number of particles cannot change and the internal energy of the system

cannot change.
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Energy levels over which the particles are distributed, the εi, do not change during a

process.

Processes are viewed to occur as a redistribution of the particles on a fixed set of energy

levels.



6-3.3 The Constrained Maximum in the Entropy Function

A general procedure for solving this class of mathematical problems exists, and is known

as the method of Lagrange multipliers.
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Equilibrium macrostate is characterized by this relationship: the fraction of particles in the

ith energy level (ni/No) is exponentially related to the value of the energy for that level

ei.

It remains to evaluate the Lagrange multipliers  and  in terms of the thermodynamic

properties of the system.

















 r

i

kk

r

i

kk

r

i

k

r

i o

i
iii

eeeee
N

n

1111

1

eee





r

i

k

i

e
1

e







11

1

r

i

k

k

i

e

e
e

















 r

i

kk

r

i o

i
i

ee
N

n

11

1

e





r

i

k

i

e
1

e







11

1

r

i

k

k

i

e

e
e



Partition Function, P, for the system

kk

o

i
ii

ee
N

n
ee 












 1

It remains to evaluate β.







































































r

i

i
k

r

i

i
k

r

i

i

o

i dnekdnekdn
N

n
kdS

ii

111

ln
1

ln
1

lnln

ee

 































r

i

ii

r

i

i
i

r

i

i
i dnkdn

k
kdn

k
k

111

lnln
1

ln e
ee





r

i

i

r

i

ii dnkdn
11

lne 



r

i

iidndU
1

e 



r

i

io dndN
1

odNkdUdS  ln odNPdVTdSdU 

For an open system



odNkdUdS  ln

odNPdVTdSdU odN
T

dV
T

P
dU

T
dS




1

T

1


T
k


ln

In this introductory development of statistical thermodynamics it is assumed that the

average volume occupied by an atom is the same for all energy level. Therefore, no

counterpart in the statistical expression for the entropy.
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6-3.4 Calculation of the Macroscopic Properties from the Partition Function

The value of the entropy for the equilibrium distribution
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Computation of the remaining thermodynamic state functions, V, H, G, and CP,

requires a formulation that includes the volume dependence of the partition

function.



(1) An atomistic model for the thermodynamic behavior of a system begins with a

complete list of the energy levels that the particles in the system may exhibit.

(2) Given this list and no other information, the partition function for the model can be

computed.

(3) Given the partition function, all the macroscopic thermodynamic properties of the

system can be computed.



6-4.1 Einstein’s Model of a Crystal

Consider a cubic crystal consisting of No atoms contains 3No bonds.

Since all the springs connecting pairs of atoms are coupled together in the crystal, analysis of

coupled oscillators show that only certain discrete vibrational frequencies can occur in

such a system.

6-4 Application of the Algorithm

Einstein showed that the list of allowable energies

for bonds could be described by:

The characteristic frequency ν is related to the

spring constant and hence the strength of the

binding energy in the crystal.
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i) Evaluation of the partition function:
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ii) Calculation of thermodynamic properties from the given partition function:
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Fig. 6.3 Comparison of experimentally measured heat capacity for diamond with 

that computed from Einstein one parameter model. θE=1320 K.



6-4.2 Monatomic Gas Model

Consider a gas composed of identical particles, each of which is a single atom.

Assume that the energy contributed by each particle is simply the kinetic energy

associated with its translation through space.

It is necessary to specify the values of six variables to specify the state of a gas atom

in the system.

The energy exhibited by a particle in this model:

Because the variables involved are continuous, the summation over all the available

states that constitute the partition function must be replaced by an integral over

all states.
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i) Evaluation of the partition function:

at a point
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6-5 Alternate Statistical Formulations

In the formulation presented here, no restrictions are placed upon the number of particles.

In distributing electrons in their allowable energy levels, however, this restriction (Pauli

exclusion principle) must be strictly obeyed; a modified combinational analysis must

be devised.

Three different forms of the relationship between microstates and macrostates have been

prominent in the development of statistical thermodynamics.

(1) Maxwell-Boltzmann statistics

(2) Bose-Einstein statistics

(3) Fermi-Dirac statistics
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Chapter 13 : Defects in Crystals

13-1 Introduction

<Solid crystals are not perfect>

Imperfections in the arrangement of the atoms in space occur as isolated points, along

lines, or as surfaces in the structure.

Perhaps the most important role played by point defects in the behavior of solids is in

diffusion, that is, the atom-by-atom transport of components through the crystal lattice.

Most processes in materials science that produce changes in microstructure involve

diffusion. The elemental step in diffusion is the motion of an atom from a normal crystal

site into an adjacent point defect.

Processes such as precipitation, phase changes, sintering, oxidation, solid state bonding,

and some forms of creep depend on the presence of point defects in the system. Point

defects influence the resistivity of conductors, the losses in insulators, and the

conductivity of semiconductors.



13-2 Point Defects in Elemental Crystals

The two primary classes of point defects found to exist in elemental crystals are

vacancies and interstitials.

While each defect contributes an increase to the energy of the crystal, each defect also

increases the entropy of the crystal. These effects combine to guarantee that at

equilibrium a crystal contains some point defects.



13-2.1 Conditions for Equilibrium in a Crystal with Vacant Lattice Sites

Consider a system composed of a homogeneous crystalline phase (a) and its vapor (g).
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13-2.2 The Concentration of Vacancies in a Crystal at Equilibrium

A mixture of vacant sites with sites occupied by normal atoms can be considered to be a

dilute solution of vacancies and normal atoms.

iiG 

The chemical potential of any component is identical with the partial molal Gibbs free energy.
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 : Enthalpy of formation of a vacancy from a perfect crystal

: Excess entropy associated with this process, physically

associated with changes in the vibrational behavior of

atoms surrounding the vacant site

[Direct measurements of the equilibrium vacancy concentration]





13-2.3 Interstitial Defects and Divacancies

These arguments easily extend to other defects in elemental crystals with analogous

results. At equilibrium, the chemical potential of an interstitial defect is zero, implying

a relation between defect concentration and temperature of the general from:
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Where fD is the ratio the number of interstitial sites to the number of normal lattice sites in the crystal.

Defects may occur in combinations in an elemental crystal. I) the most common of these

is the divacancy, which is a pair of adjacent vacant lattice sites.

kTHkS

VV

xs
VV

xs
VV eeX




int

int

2

2

SSS

HHH

xs

V

xs

VV

xs

V

xs

VV





(1) The separate formation of two vacancies from a perfect crystal.

(2) The formation of the divacancy configuration from two separated single vacancies.

They are the interaction enthalpy and entropy for the pair of

vacancies, both of which can be expected to be negative.
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It is concluded that at equilibrium the concentration of divacancies is somewhat larger

than the square of the concentration of single vacancies.



13-3 Point Defects in Stoichiometric Compound Crystals

Many intermediate phases and line compounds have crystal structures that have two (or

more) distinct classes of lattice sites, Fig. 13.4, called sublattices.

In the following description the anion (or more electronegative) component in a compound

crystal is designated generically as X, The other more metallic (cation) element in the

system is designated with an M. A vacant lattice site is designated with a V. These

components (atoms or ions) can occupy cation (M) sites, anion (X) sites, or

interstitial (i) sites. Finally, each entity visualized has as associated electronic charge.

A widely accepted notation was devised by Kröger and Vink:

1. The entity occupying the defect site (M, X, V or substitutional elements)

2. A subscript for the type of site occupied (░M, ░X, or ░i)

3. A superscript for the excess charge associated with the site, (░x), (░•), or (░′)

Some generic examples of this notation are reviewed in Table 13.2



Table 13.2 Defect designation using the Kroger-Vink notation applied to a 

compound with nominal composition MX and normal valence of M as +2, X as -2



13-3.1 Frenkel Defects

A Frenkel defect is formed on the cation sublattice by removing an M ion from a normal M

site and placing it in an interstitial site. It is also possible to form a Frenkel defect on

the anion sublattice.

Consider a crystal MX; four distinct entities exist in such a crystal:

The number of each of these entities can be varied in the crystal; however, these

variations are not independent.
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To find the conditions for equilibrium,

(1) Write an expression for the entropy of this homogeneous crystalline phase incorporating

changes in the numbers of each possible entity.
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13-3.2 Schottky Defects

In an MX crystal a Schottky defect consists of a vacant site and a vacant anion site.

With an expression for the change in entropy
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: the excess entropy associated with the formation of the pair of vacancies from a perfect crystal

: the corresponding enthalpy change
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In a crystal with formula MuXv, in which the ratio of M to X sites is u/v, conservation of the

ratio of anion to cation sites dictated by the geometry of the crystalline arrangement

requires that a Schottky defect be made up of u cation vacancies and v anion vacancies.



13-3.3 Combined Defects in Binary Compounds

The oppositely charged entities in a crystal can be expected to attract each other to

form a cation-anion vacancy pair.
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13-3.4 Multivariate Equilibrium Among Defects in a Stoichiometric Compound

The strategy for determining defect concentrations in a crystal of the compound MuXv that

is isolated from its surroundings.

The entities that may exist in this crystal when it comes to equilibrium include

Defect complexes may also exist but are neglected in this development.

(1) Expression for the change in entropy

(2) Applying the usual isolation constraints on changes in internal energy and volume
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(3) In addition, applying the following three constraining equations that operate on the

changes in the numbers of each entity in this isolated crystal:

① Conservation of M atoms

② Conservation of X atoms

③ Conservation of the ratio of sites in the two sublattices
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(4) To find the conditions for equilibrium, set the coefficient equal to zero.
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(5) It is customary to describe the concentrations of each of the entities as a fraction of the

sites in the corresponding sublattice. These measures of composition are designated

with brackets.
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(6) The condition for charge neutrality in the crystal
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13-3.5 Extrinsic Defects in Stoichiometric Compound Crystals

Ex) ZrO2 doped with CaO
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When sintered at 1600oC, the density profiles coincide with anion model





13-4 Nonstoichiometric Compound Crystals

When elements M and X combine to form a crystalline compound MuXv, the resulting

structure forms in two sublattices, one normally occupied by M atoms and the other

by X atoms.

The geometry of the crystal structure that the numbers of the two kinds of sites occur in

the ratio (v/u) and the ratio of sites is stoichiometric.

If the crystal contains only intrinsic defects, the composition is still stoichiometric.

The defect structure of real crystals is not confined to intrinsic defects. Interactions with

the surroundings may produce defects that are not simply equivalent to an internal

rearrangement of atoms on sites in the crystal.

In an oxidizing atmosphere, the compound MuOv may dissolve more oxygen atoms than

the number given by the stoichiometric ratio (v/u). The composition of the

compound departs from its stoichiometric ratio and becomes oxygen rich.

However, the geometric requirements of the crystal lattice for the compound

require that the ratio of sites remains at (u/v)



In the case of oxygen rich, the excess oxygen atoms must be accommodated either by

(1) Placing oxygen ions in interstitial positions (oxygen excess: MuOv+δ), or

(2) Placing the oxygen ions on normal anion sublattice sites and simultaneously

creating vacancies in the cation sublattice (metal deficient: Mu- δOv).

If, in contrast, the ratio of metal to oxygen in the system is less than (v/u), the compound

is metal rich. This excess of metal relative to oxygen can be accommodated by

(1) Placing metal ions in interstitial positions (metal excess: Mu+ δOv), or

(2) Placing the metal ions on normal cation sublattice sites and simultaneously creating

vacancies in the anion sublattice (oxygen deficient: MuOv- δ).
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13-4.1 Equilibrium in Compound Crystals with a Variety of Defects

The strategy for determining defect concentrations in a crystal of the compound MuXv

that is equilibrium with its surrounding atmosphere.

(1) List the entities that may exist in the crystal of concern

(2) Determine the number of independent defect reactions

[Cα+Cg-E-2]

(3) Construction of balanced defect chemistry equation

① Mass Conservation

② Site Ratio Conservation

③ Charge Neutrality

(4) The affinity for every reaction is equal to zero



13-4.2 Illustration of the Conditions for Equilibrium of Alumina

Assume that an alumina crystal is in equilibrium with its vapor and neglect the presence

of impurities

(1) List the entities that may exist in the crystal of concern

(2) Determine the number of independent defect reactions

[Cα+Cg-E-2]=[ 8+2-2-2]=6

(3) Construction of balanced defect chemistry equation

① Mass Conservation + ② Site Ratio Conservation + ③ Charge Neutrality

(4) The affinity for every reaction is equal to zero
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System = f(T, P, X)
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Electronic Conduction (BaTiO3: the effect of PO2
)
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Effect of Equilibrium PO2
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13-4.3 Impurities in Nonstoichiometric Compound

Not real crystalline compound is pure; additional elements are always incorporated to

some extent.

Assume that an alumina crystal is doped with magnesium oxide (MgO) : Magnesium

oxide is widely used as a sintering aid in the consolidation of alumina powders.

(1) List the entities that may exist in the crystal of concern

(2) Determine the number of independent defect reactions

[Cα+Cg-E-2]=[ 9(10)+3-3-2]=7(8)

(3) Construction of balanced defect chemistry equation

① Mass Conservation + ② Site Ratio Conservation + ③ Charge Neutrality
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Most undoped ceramic materials contain very significant concentrations of impurities.

Impurity additions can completely alter the equilibrium distribution of defects.

The thermodynamic treatment of defect chemistry presented here provides a foundation

for understanding physical phenomena such as ionic conductivity, diffusion, oxide

layer growth, and dielectric and optical behavior in crystalline compounds.
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Chapter 15 : Electrochemistry

Ionization energy of an element = the difference in energy between an atom of that element

in its vapor state and an ion of the same element.

When that element is present as a component in a solution, its ionization energy may be

greatly reduced as a result of its interactions with the surrounding solvent molecules.

A salt dissolved in water dissociates to a greater or lesser extent to form cations and anions.

The resulting solution is called an electrolyte because it transports a charge when

subjected to an electric field.

Many other so called polar solvent such as acetone or glycerol also form electrolyte

solutions.

Solid electrolyte, in which a charge current is carried by diffusion of the ions in the system,

also exist and find useful applications.

Because the measurement of an electrical potential require a close circuit, the minimum

configuration of a system that can be devised in which an electric potential can be

measured is the galvanic cell. Such a system consists of at least four phases; two

electrodes inserted into an electrolyte and externally connected by a wire. [Fig. 15.1]



15-2 Equilibrium in Two Phase Systems involving an Electrolyte

If the concentration of CuCl2 in the electrolyte is dilute, copper atoms dissolve from the rod

and form cupric ions in the solution; copper atoms oxidized; rod=(-) & electrolyte=(+)

↕

If the electrolyte is sufficiently concentrated, cupric ions plate out on the copper rod; cupric

ions reduced; rod=(+) & electrolyte=(-)
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15-3 Equilibrium in an Electrochemical Cell

Electrochemical Equilibrium Condition

𝑀𝑍+ 𝜖 + 𝑧+𝑒− = 𝑀𝛼 ⇒ 𝐴 = −𝑧+𝐹 𝜑𝛼 − 𝜑𝜖
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Working of a Salt Bridge
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𝛼 + 𝜇𝐶𝑢2+
𝜖 = −2𝐹 𝜑𝛽 − 𝜑𝛼

𝜇𝑍𝑛
𝛽

− 𝜇
𝑍𝑛2+
η

− 𝜇𝐶𝑢
𝛼 − 𝜇𝐶𝑢2+

𝜖 = −2𝐹 𝜑𝛽 − 𝜑𝛼

𝜇𝑍𝑛
𝛽

+ 𝜇𝐶𝑢2+
𝜖 − 𝜇𝐶𝑢

𝛼 + 𝜇
𝑍𝑛2+
η

= −2𝐹 𝜑𝛽 − 𝜑𝛼 :

15-3-1 Conditions for Equilibrium in a General Galvanic Cell

Left Electrode|Electrolyte1||Electrolyte2|Right Electrode

𝐶𝑢𝛼 𝐶𝑢𝐶𝑙2 |𝑍𝑛𝐶𝑙2|𝑍𝑛
𝛽



𝑀1
𝑧1+ 𝜖

+ 𝑧1 𝑒− 𝛼 = 𝑀1
𝛼 𝑀2

𝑧2+ 𝜖
+ 𝑧2 𝑒− 𝛽 = 𝑀2

𝛽

𝐴𝛼 = 𝜇𝑀1

𝛼 − 𝑧1𝜇𝑒
𝛼 + 𝜇

𝑀1
𝑧1+

𝜖 = −𝑧1𝐹 𝜑𝛼 − 𝜑𝜖

𝐴𝛽 = 𝜇𝑀2

𝛽
− 𝑧2𝜇𝑒

𝛽
+ 𝜇

𝑀2
𝑧2+

𝜖 = −𝑧2𝐹 𝜑𝛽 − 𝜑𝜖

*(z2/z1)

𝐴𝛽 −
𝑧2

𝑧1
𝐴𝛼 = 𝜇𝑀2

𝛽
− 𝑧2𝜇𝑒

𝛽
+ 𝜇

𝑀2
𝑧2+

𝜖 −
𝑧2

𝑧1
𝜇𝑀1

𝛼 − 𝑧1𝜇𝑒
𝛼 + 𝜇

𝑀1
𝑧1+

𝜖 = −𝑧2𝐹 𝜑𝛽 − 𝜑𝜖 +
𝑧2

𝑧1
𝑧1𝐹 𝜑𝛼 − 𝜑𝜖

AlZn



𝐴𝛽 −
𝑧2
𝑧1
𝐴𝛼 = 𝜇𝑀2

𝛽
− 𝑧2𝜇𝑒

𝛽
+ 𝜇

𝑀2
𝑧2+

𝜖 −
𝑧2
𝑧1

𝜇𝑀1

𝛼 − 𝑧1𝜇𝑒
𝛼 + 𝜇

𝑀1
𝑧1+

𝜖 = −𝑧2𝐹 𝜑𝛽 − 𝜑𝛼

𝜇𝑒
𝛼 = 𝜇𝑒

𝛽

= 𝜇𝑀2

𝛽
− 𝜇

𝑀2
𝑧2+

𝜖 −
𝑧2
𝑧1

𝜇𝑀1

𝛼 − 𝜇
𝑀1
𝑧1+

𝜖 = −𝑧2𝐹 𝜑𝛽 − 𝜑𝛼

𝐴𝑐𝑒𝑙𝑙 = 𝜇𝑀2

𝛽
+
𝑧2
𝑧1
𝜇
𝑀1
𝑧1+

𝜖 − 𝜇
𝑀2
𝑧2+

𝜖 +
𝑧2
𝑧1
𝜇𝑀1

𝛼 = −𝑧2𝐹 𝜑𝛽 − 𝜑𝛼

𝑀2
𝑧2+ 𝜖

+
𝑧2
𝑧1
𝑀1

𝛼 = 𝑀2
𝛽
+
𝑧2
𝑧1

𝑀1
𝑧1+ 𝜖

Suppose α=M1=Zn and β=M2=Al, 𝐴𝑙3+
𝜖
+
3

2
𝑍𝑛𝛼 = 𝐴𝑙

𝛽
+
3

2
𝑍𝑛2+

𝜖

𝐴𝑐𝑒𝑙𝑙 = 𝜇𝐴𝑙
𝛽
+
3

2
𝜇
𝑍𝑛2+
𝜖 − 𝜇

𝐴𝑙3+
𝜖 +

3

2
𝜇𝑍𝑛
𝛼 = −3𝐹 𝜑𝛽 − 𝜑𝛼



𝐴 ≡ ∆𝐺𝑜 + 𝑅𝑇 𝑙𝑛𝑄 𝐴𝑐𝑒𝑙𝑙 = ∆𝐺𝑐𝑒𝑙𝑙
𝑜 + 𝑅𝑇 ln𝑄𝑐𝑒𝑙𝑙 = −𝑧𝐹 ε𝑐𝑒𝑙𝑙 ε𝑐𝑒𝑙𝑙 ≡ 𝜑𝛽 − 𝜑𝛼

∆𝐺𝑐𝑒𝑙𝑙
𝑜 = −𝑧𝐹 𝜀𝑐𝑒𝑙𝑙

𝑜If 𝑄𝑐𝑒𝑙𝑙 = 1 𝜀𝑐𝑒𝑙𝑙
𝑜 : std. electrode potential

The two electrodes are pure and the two electrolytes 
are prepared with a molarity that yields an activity of 1.

=

𝐴𝑐𝑒𝑙𝑙 = −𝑧𝐹 𝜀𝑐𝑒𝑙𝑙
𝑜 + 𝑅𝑇 ln𝑄𝑐𝑒𝑙𝑙 = −𝑧𝐹 ε𝑐𝑒𝑙𝑙

ε𝑐𝑒𝑙𝑙 = 𝜀𝑐𝑒𝑙𝑙
𝑜 −

𝑅𝑇

𝑧𝐹
ln𝑄𝑐𝑒𝑙𝑙 Nernst equation

ε = 𝜀𝑜 −
0.05915

𝑧
log𝑄 [𝑉]

𝑅𝑇

𝐹
∗ 2.303 = 0.05915



15-3-3 The Standard Hydrogen Electrode

𝜀𝛼𝛽 = 𝜑𝛽 − 𝜑𝛼 = 𝜑𝛽 − 𝜑𝑠𝑡𝑑 − 𝜑𝛼 − 𝜑𝑠𝑡𝑑

𝜑𝛼 − 𝜑𝑠𝑡𝑑 = 𝜑𝛽 − 𝜑𝑠𝑡𝑑 − 𝜑𝛽 − 𝜑𝛼

𝜀𝛽 ≡ 𝜑𝛽 − 𝜑𝑠𝑡𝑑 = 𝜑𝛽 − 0 = 𝜑𝛽 : Half cell potential
/ Single electrode potential

Standard Hydrogen Electrode (SHE)

2 𝐻+ 𝜖 + 2 𝑒− 𝑃𝑡 = 𝐻2
𝑔

An inert platinum electrode is immersed in
an acid solution and purified hydrogen gas at
one atmospheric pressure is bubbled over
the Pt-electrolyte interface with the system
maintained at 25oC.





lim
𝑄→𝐾

𝐴𝑐𝑒𝑙𝑙 = −𝑧𝐹 𝜀𝑐𝑒𝑙𝑙
𝑜 + 𝑅𝑇 ln𝑄𝑐𝑒𝑙𝑙 = 0

𝐴𝑐𝑒𝑙𝑙 = −𝑧𝐹 𝜀𝑐𝑒𝑙𝑙
𝑜 + 𝑅𝑇 ln𝑄𝑐𝑒𝑙𝑙 = −𝑧𝐹 ε𝑐𝑒𝑙𝑙

−𝑅𝑇 ln𝐾 = −𝑧𝐹 𝜀𝑜

𝜀𝑜 =
𝑅𝑇

𝑧𝐹
ln𝐾 εo (+) → K>1 → resistant to dissolution → noble elements

εo (-) → K<1 → reactants dominate at Eq. → reactive elements



15-4 Pourbaix Diagram

15-4-1 The Stability of Water

2𝐻+ + 2𝑒− = 𝐻2 𝑔 ∶ 𝜀𝑜 = 0.000 𝑣𝑜𝑙𝑡𝑠

For this half cell reaction,

log 𝑄 = log
𝑎𝐻2
𝑔

𝑎𝐻+
2 𝑎𝑒−

2
= log

𝑎𝐻2
𝑔

𝑎𝐻+
2 = log 𝑃𝐻2 − 2 log 𝑎𝐻+

log 𝑄 = log 𝑃𝐻2 + 2𝑝𝐻

ε = 0.000 −
0.05915

2
log 𝑃𝐻2 + 2𝑝𝐻 ε = 𝜀𝑜 −

0.05915

𝑧
log𝑄 [𝑉]

ε = −𝑏𝑝𝐻 −
𝑏

2
log 𝑃𝐻2

𝐿𝑒𝑡 0.05915 = 𝑏

: H2O, H+, e-, H2(g) and O2(g)

①



𝑂2 + 4𝐻+ + 4𝑒− = 2𝐻2𝑂 :    𝜀𝑜 = +1.229 𝑣𝑜𝑙𝑡𝑠

For this half cell reaction,

log 𝑄 = log
𝑎𝐻2𝑂
2

𝑎𝑂2
𝑔
𝑎𝐻+
4 𝑎𝑒−

4
= log

1

𝑃𝑂2𝑎𝐻+
4 = −log 𝑃𝑂2 − 4 log 𝑎𝐻+

log 𝑄 = − log 𝑃𝑂2 + 4𝑝𝐻

ε = +1.229 −
0.05915

4
− log 𝑃𝑂2 + 4𝑝𝐻

ε = 1.229 +
𝑏

4
log 𝑃𝑂2 − 𝑏𝑝𝐻

Let 0.05915 = 𝑏

②



ε = −𝑏𝑝𝐻 −
𝑏

2
log 𝑃𝐻2

ε = 1.229 +
𝑏

4
log 𝑃𝑂2 − 𝑏𝑝𝐻

H2O 분해에 필요한 전위: ∆𝑉



15-4-2 Pourbaix Diagram for Copper

Copper-Water System

𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠: 𝐶𝑢, 𝐶𝑢𝑂, 𝐶𝑢2𝑂

𝑖𝑜𝑛𝑖𝑐 𝑠𝑝𝑒𝑐𝑖𝑒𝑠: 𝐶𝑢+, 𝐶𝑢++, 𝐻𝐶𝑢𝑂2
−, 𝐶𝑢𝑂2

−−

𝑜𝑡ℎ𝑒𝑟𝑠: 𝐻+, 𝐻2𝑂, 𝑒
−

𝐶𝑢,𝐻, 𝑂

① Components: 7

② Elements: 3

③ Independent Reactions = C-E = 10-3 = 7

④ The number of reactions must be considered: 21

𝑟𝐶2 =
7!

2! 5!
= 21



𝐶𝑢 + 𝐻2𝑂 = 𝐶𝑢𝑂 + 𝐻2

2𝐻+ + 2𝑒− = 𝐻2

𝐶𝑢 + 𝐻2𝑂 = 𝐶𝑢𝑂 + 2𝐻+ + 2𝑒− [𝐻]

2𝐻+ + 2𝑒− = 𝐻2

𝐶𝑢 = 𝐶𝑢+ + 𝑒−

𝐶𝑢+ = 𝐶𝑢++ + 𝑒−

𝑂2 + 4𝐻+ + 4𝑒− = 2𝐻2𝑂

𝐶𝑢 + 𝐻2𝑂 = 𝐶𝑢𝑂 + 𝐻2

2𝐶𝑢 + 𝐻2𝑂 = 𝐶𝑢2𝑂 + 𝐻2

2𝐻2 + 𝑂2 = 2𝐻2𝑂

2𝐻𝐶𝑢𝑂− = 2𝐶𝑢𝑂2− + 𝐻2



Group I = Reactions in which no electrons are
transferred to the electrode: [A],[B],[C],[J],[K],[L],
and [M] ⇒ Vertical lines at a fixed pH

Group II = Reactions in which do not dependent upon
the hydrogen ions: [D],[N], and [O] ⇒ Horizontal lines

Group III = Reactions in which both electrons and
hydrogen ions involve: ⇒ Lines of a slope n*b



𝜀 = 𝜀𝑜 −
𝑏

2
log𝑄

For the half cell reaction, [K]

log𝑄 = log
𝑎𝐶𝑢𝑂𝑎𝐻+

2

𝑎𝐻2𝑂𝑎𝐶𝑢2+
= log

𝑎𝐻+
2

𝑎𝐶𝑢2+
= 2 log 𝑎𝐻+ − log𝑎𝐶𝑢2+

𝜀 = 𝜀𝑜 −
𝑏

2
2 log 𝑎𝐻+ − log𝑎𝐶𝑢2+ = 0

𝜀 = 𝜀𝑜 + 𝑏𝑝𝐻 +
𝑏

2
log 𝑎𝐶𝑢2+ = 0

𝑏𝑝𝐻 = −
1

𝑏
𝜀𝑜 −

1

2
log 𝑎𝐶𝑢2+

𝐶𝑢2+ + 𝐻2𝑂 = 𝐶𝑢𝑂 + 2𝐻+



𝜀 = 𝜀𝑜 −
𝑏

2
log𝑄

For the half cell reaction, [M]

log𝑄 = log
𝑎𝐶𝑢𝑂22−𝑎𝐻+

2

𝑎𝐻2𝑂𝑎𝐶𝑢𝑂
= log

𝑎𝐶𝑢𝑂22−𝑎𝐻+
2

1
= log 𝑎𝐶𝑢𝑂22− + 2 log 𝑎𝐻+

𝜀 = 𝜀𝑜 −
𝑏

2
2 log 𝑎𝐻+ + log𝑎𝐶𝑢𝑂22− = 0

𝜀 = 𝜀𝑜 + 𝑏𝑝𝐻 −
𝑏

2
log 𝑎𝐶𝑢𝑂22− = 0

𝑏𝑝𝐻 = −
1

𝑏
𝜀𝑜 +

1

2
log 𝑎𝐶𝑢𝑂22−

𝐶𝑢𝑂 + 𝐻2𝑂 = 𝐶𝑢𝑂2
2− + 2𝐻+



𝜀 = 𝜀𝑜 −
𝑏

2
log𝑄

For the half cell reaction, [-H]

log𝑄 = log
𝑎𝐶𝑢𝑎𝐻2𝑂

𝑎𝐶𝑢𝑂𝑎𝐻+
2 𝑎𝑒−

2
= log

1

𝑎𝐻+
2 = −2 log 𝑎𝐻+

𝜀 = 𝜀𝑜 +
𝑏

2
2 log 𝑎𝐻+

𝜀 = 𝜀𝑜 − 𝑏𝑝𝐻

𝐶𝑢𝑂 + 2𝐻+ + 2𝑒− = 𝐶𝑢 + 𝐻2𝑂



𝜀 = 𝜀𝑜 −
𝑏

2
log𝑄

For the half cell reaction, [-O]

log𝑄 = log
𝑎𝐶𝑢

𝑎𝐶𝑢2+𝑎𝑒−
2 = log

1

𝑎𝐶𝑢2+
= − log𝑎𝐶𝑢2+

𝜀 = 𝜀𝑜 +
𝑏

2
log 𝑎𝐶𝑢2+

𝐶𝑢2+ + 2𝑒− = 𝐶𝑢












