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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
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In practice, the focus of thermodynamics is on a subset of the
universe, called a sysfem.
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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.
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In an isolated system, the entropy is a maximum at equilibrium.
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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.

‘Heisenberg uncertainty principle’ AxAp>h

Position, x
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In a system consisting of N, 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

atom N, .

={(x1,pl1), (x2,p2),..., (XN,,pN,)} : Microstate

atoml
atom2 #{(x2’,p1’), (x2’,p2’),..., XN’,,pN’,)}: a different Microstate

Momentum, p

Position, x




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 (g,, €,).

Particles: a,b,c,d & States: g;,&,

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

State € €o Ny | Ny
A |ab,cd |- 4 10
B |a,b,c d 3 | 1
C |ab,d C 3 | 1
D |a,c,d b 3 | 1
E |b,c,d a 3 | 1
F |ab c,d 2 | 2
G |a,c b,d 2 | 2
H |a,d b,C 2 | 2
I b,C a,d 2 | 2
J b,d a,C 2 | 2
K |c,d a,b 2 | 2
L |a b,c,d 1 3
M | b a,c,d 1 3
N |c a,b,d 1 3
O |d a,b,c 1 3
P |- a,b,c,d 01| 4




Particles: a,b,c,d

& States: g4,¢,

Microstates(24=16)

State €1 €
A |ab,cd |- 4 | 0
B |a,b,c d 3 | 1
C |ab,d C 3 | 1
D |a,c,d b 3 | 1
E b,c,d a 3 | 1
F |ab c,d 2 | 2
G |a,c b,d 2 | 2
H |a,d b,C 2 | 2
| b,c a,d 2 | 2
J b,d a,C 2 | 2
K |c,d a,b 2 | 2
L |a b,c,d 1 3
M |Db a,c,d 1 3
N |[cC a,b,d 1 3
O |d a,b,c 1 3
P |- a,b,c,d 0] 4

Particles: a,b,c,d & States: g,

Macrostates (=5)

State | &1 | &

| 4 0 A 1

1 3 1 B,C,D,E 4

1 2 2 F,.G,H,ILJK|6

Y 1 3 L,M,N,O 4

V 0 4 P 1
4




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 e; and two particles are in state e,” 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.

81 82 83 eoe 8| oo 8r

n‘l n2 n3 eooe nl Xy} nr

The set of numbers (n,,...n,) is a distribution function specifying how the atoms are

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



The number of microstates that corresponds to a given macrostate is a central
guantity 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 N, particles distributed over r states, the description of
a particular macrostate has the form of a distribution function:

(ny, Ny, Ng, ..., N, ..., N) Wwhere n, is the number of particle in state e,.
How many microstates correspond to the macrostate (n,, n,, ng, ..., n, ..., n)?

How many different ways can N, balls be arranged in r boxes such that there are n; balls
in the first box, n, in the second and so on to n, balls in the r" box?

___________________________________

The probability that the system exists in a given macrostate is the ratio of the number of
microstates Q, that correspond to the J*" 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 Q and the maximum probability of
appearing at any instant in time.

Qmax B
—
(@)
(@]
L
Jmax Macrostate, J

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.

___________________________________________________________________________________________________________________________________



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 Q, 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 iIs that particular macrostate which maximizes the entropy of the system when it

IS isolated.

<General strateqy 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 (n,,n,,...,n,)

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 S =kInQ=klIn| —°
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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

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.

Il
o

U :Zr:gini du :Zr:(gidni +nidgi)=zr:gidni =0 de
i=1 i=1 i=1

Nozzr:ni dNozidni:O
i=1 i=1

Energy levels over which the particles are distributed, the g, 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
i energy level (n/N,) is exponentially related to the value of the energy for that level

g

It remains to evaluate the Lagrange multipliers o and B in terms of the thermodynamic
properties of the system.
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It remains to evaluate 3.

g g
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For an open system



1 P U
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1
dS = — AU +kIn PN, p=-z kInP=—$

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 C,,
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 Application of the Algorithm

6-4.1 Einstein’s Model of a Crystal

Consider a cubic crystal consisting of N, atoms contains 3N, 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.

- b= e’ —
5
A

L A A Einstein showed that the list of allowable energies
a0 \ T \ /BI TR ¥ .
Al A A SRS for bonds could be described by:
o - - i
S S S S g=(i+1)nv
2 2 5 & s B
™~ Ywod oo Voo LT _ :
ORI I P P The characteristic frequency v is related to the
s s spring constant and hence the strength of the
S S . .
A~ 2 A binding energy in the crystal.
02 G )T T ) G V1,1 A S %1111/ A G =
N N 4 ey
S S 3 =
™ o oo Hawo{ MU
\),// \,/ NN \\/,,/
& & & <

K = \prmg constant
v = natural frequency



1) Evaluation of the partition function:
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i) 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. 8.=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.

2

The energy exhibited by a particle in this model: g=ZImv° =2 m(vf +V§ +V22)

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.

1) Evaluation of the partition function:
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at a point in a volume
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i) Calculation of thermodynamic properties from the given partition function:
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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.

_ s n 1 -%
(1) Maxwell-Boltzmann statistics L P, e @ —L==—e K
N N, P
(2) Bose-Einstein statistics NI = / | (e” —1)

(3) Fermi-Dirac statistics h_ / PFDLekT + 1}



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
iIncreases the entropy of the crystal. These effects combine to guarantee that at
equilibrium a crystal contains some point defects.

FIGURE 13.1

Two classes of point defects in an
elemental crystal: (a) vacancy, and () an
(a) (b) interstitial.




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 (Q).
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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.

The chemical potential of any component is identical with the partial molal Gibbs free energy.

G =4 Ay, =AG, =AG®+AGH = (AH —TAS* )+ (AH ~TAS)
= AH** —TAS® +kTIn X* AH® =0
ASH = —KIn X
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=0

1o =AH —TAS® +kTIn X7 =0 at Equilibrium
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) AH.® : Enthalpy of formation of a vacancy from a perfect crystal
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ASVX ® . 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]
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FIGURE 13.2

Comparison of the molar volume of a crystal computed from dilatometric measurements and X-ray lattice
parameter measurcments. The difference between these curves at any temperature is the volume of vacancies
in the crystal [13.1].
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FIGURE 13.3

Arrhenius plot of atom fraction of vacancies versus
temperature; the slope is proportional to the enthalpy of
0  formation of a vacancy and the intercept gives the
vibrational entropy of a vacancy.
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TABLE 13.1
Properties of vacancies for some typical metals (13-

Metal X,(Tw)*  AS, (J/gm-atom K) AH, (KJ/gm-atom)

Aluminum 9.0 x 10~ 19 74
Copper 1.9% 107 12 113
Gold 72x 1074 10 92
Lead 20x 10°% 21 56
Platinum 6.0x10°* 9 135

Silver 1.7x 1074 12 101




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:

_ ASE [k A —AFZ /KT - — = ==X
Xg = fDe 5/ e &/ : Navailable,i fiNO fl l i

Where f; 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. 1) the most common of these
Is the divacancy, which is a pair of adjacent vacant lattice sites.

X\?V — eAg\;(\S//ke_Aﬁ\;(\s)/kT

(1) The separate formation of two vacancies from a perfect crystal.
(2) The formation of the divacancy configuration from two separated single vacancies.

H\;(\j ZAH o+ AH They are the interaction enthalpy and entropy for the pair of
ASVX\f -2 ASVXS + AS. t vacancies, both of which can be expected to be negative.
In



X& = QS k=BT _ e(zA§VXS+Asi§§)/k e-(zmvxmﬁiﬁ)/w _ e(2A§VXS)/k e-(zAHVXS)/kT e(A§i’r‘]§)/k e—(Aﬁi’ﬁ,St)/kT

= (e(As-sz e g~ Jicr )Ze(Aaﬁ%)/ke—(miﬁ)/kT - (xa )Ze(Aszfs e g—{ari T

It is concluded that at equilibrium the concentration of divacancies is somewhat larger
than the square of the concentration of single vacancies.

(a) (b)

FIGURE 134
Common crystal structures with two classes of lattice sites: (@) NaCl; (b) CsCl



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 Kroger and Vink:
1. The entity occupying the defect site (M, X, V or substitutional elements)
2. Asubscript for the type of site occupied (i, iy, or i)

3. Asuperscript for the excess charge associated with the site, (%), (), or (i)

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

Defect Excess charge Symbol
Vacancy on M sublattice -2 Vi
Vacancy on X sublattice +2 Vs
M atom in interstitial site +2 M
X atom in interstitial site -2 X
M atom on X site -4 M-
X aton on M site -4 X1
Divacancy on M and X sites 0 (VmVx)
M interstitial paired with M on X site +6 (MM )
Solute cation L with +3 charge on M site +1 Liy
Solute anion Y with —1 charge on X site +1 Yy
Free (unattached) electron —~1 ¢

Electron hole +1 h




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: My, , X5 ,Vy; , M.

The number of each of these entities can be varied in the crystal; however, these
variations are not independent.

Q@
OOOOO O OOO

‘

0,0,0,0,0 00,000
SR80 S0
00000 00000

FIGURE 13.5
A Frenkel defect is formed on the cation sublattice by removing an M atom from a normal cation lattice
site and placing it in an interstitial site.



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.

a4, A0, g, A0, )

sys «

1. P, 1 1. P, 1
ds;, =2 au'+ Davi- 1S pdn =2 Pavi- 2 dn 4 dn
T T T;“kkT T T i, AT

(2) In an isolated system, du’'=0 dv’'=0 dm,, =0 dm, =0

dmy =dn,  +dn =0 dm, =dn, =0 dn, =dn,

M

(3) Insertion of these constraints,

dSS’ySJSO :_%(’UMM (_ani )+O+’UVM (ani )+’uMi ani ):_%('uvM +'u|v|i “Hy, )jnMi

My =Vu + M, AMi EA’uMi :('uMi tH, _'UMM)

(4) The condition for equilibrium,

Bosi :_%(ﬂvnﬂ THw, T, )jnlvli =0 nE=—)> A, :(ﬂMi THy, T H, ):O




AM :('UMi +/uvM —Hy, ):O
A, = st — 110 =AG, =AGF +AG? = AG +kTIn X, =(G° —G°)+kTIn X, =(G* - 11 )}+KkTIn X,

1 =Ge+kThX,  (k=M,v,,M,)

A, =lu, +u, —u, =G +kTInX, +G+kTh X, (G2 +kTIh X, =0

=[Gy +G -Gr +kTIn X, +kThX, —KTIhX, |

G G o _ X X,
:(Ga;is +G, -G, )+ kT(In Xy I X, —In XMM) =AG S +kTlIn xi v =0
MM

AGS =—kTInK,,

AGy =[Gy +G1 -G )

XMi XvM
MM




AGY =—kKTInK,

X X AG
Ky =| —— | = eXp(‘ - ]
XMM kT

For a low defect concentration regime X, =1

AG)
KT

X v XVM ~ exp(—

For a stoichiometric compound Xy = XVM = Xy

~ XS ] XS G XS ASE AHE
Xy = expL— A;:;‘f J = exr{— AR deLIAS L j —g kg AT




13-3.2 Schottky Defects

In an MX crystal a Schottky defect consists of a vacant site and a vacant anion site.
Q @
O O O O O
‘ Q Q Q@ @
O % O 0O O
@ 0 Q@ _ @
O 1) Q,O O
O O OO O

. . . . FIGURE 13.6

A Schottky defect consists of a vacant cation site and a vacant
\_/ anion site.
|

’“\

With an expression for the change in entropy

! ! P 4 1
dS, ——dU +?dV _?(”MManM +yxxdnxX +yVMdr\/M +ﬂvxdr\/X)

z—%(,uvM dr\/M +,uvxdl’\/X ):_Ti('uvM dr\/M +'uvxdr\/M ):_Tl(fuvM +'uvx )jr\/M =0

The isolation constraints

du’'=0 dv’'=0 dm,, =dn_ =0 dmy =dn, =0 dn, =dn,



ngys,iSO - _Tl('uvM + Hy, )dr\/M =0

The equilibrium condition :

null =V,, +V, A\/M Ve (/uvM TH, ): 0

—~ XS TR C XS @ _@
xsd ~ exp(_ AG'sd j — exp(_ AHSde:::ASSd ] —g@ 2k @ 2T

Agsﬁs : the excess entropy associated with the formation of the pair of vacancies from a perfect crystal

AH® : the corresponding enthalpy change

In a crystal with formula M X, 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.

null=uv,, +vV, A |, = (UﬂVM VL, )= 0




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.

xf’ ) e
O O O\1 Q O VM +VX = (\/MVX) ArvMVX) = (u(VMVX ) - (/JVM + 'uvx )): 0
@ o ©
O XS g xs
0808088 X(VMVX) eASkmx e_AEme
| V;”\\\ XVM XVx
O FIGURE 13.7

Vacancies on the two sublattices tend to attract each other to
O O form complex vacancies, VyVx. The net charge on this complex

1S e(2y — Zpm).

A§ XS

mx

Aﬁéi : the enthalpy change for the process

: the excess entropy associated with the formation of the associate



13-3.4 Multivariate Equilibrium Among Defects in a Stoichiometric Compound

The strategy for determining defect concentrations in a crystal of the compound M X, that
is isolated from its surroundings.

The entities that may exist in this crystal when it comes to equilibrium include
My, Vy, M., X5,V L X

Defect complexes may also exist but are neglected in this development.
(1) Expression for the change in entropy

_ +,uxxdnXX +'uvxdrk/x + dnxi )

1, Pl
dSsys =?dU +?dV _?(ﬂMManM +’uVM dr\/M +’uMian

(2) Applying the usual isolation constraints on changes in internal energy and volume

1

dSg, = —?(,UMM anM + 4, dr\/M + iy dn, + 4y dn, + 4, dr\/X + 1y ani )

i X



(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 dm,, = anM +dn, =0=dn =-dn

i M i

dm, =dn, +dn, =0=dn, =-dn,

X i

(2) Conservation of X atoms

(3) Conservation of the ratio of sites in the two sublattices V[anM +dr\/M J: u[dnxX +dr\/X J
f

u.v = nSM: nSX EE— 'UTLSM = unSX _PVdnS = Udns

M X

dr\/M = % [dnxx + dr\/x ]— anM

+'uxxdnxx +,uVXdr\/X + dnXi )

, 1
dSg, = —?(,LlMM anM A, dr\/M + dn,

:_%('UMM (_ani )+'uVM dr\/M +’u'\/|i ani +'uxx (_dnxi )+'uvxdr\/>< +'uxi an‘ )

1

:_?((ﬂMi “Hy, )jnMi Ay, dr\/M +('uxi ~Hy, bnxi +'uvxdr\/x)



dSS,yS-iSO =—Ti((,uMi ~Hu, )jnMi T4, dr\/M +(fuxi —Hy, )jnxi +fuvxdrk/x)

u

dr\/M =%[dnxX +dn\/X ]—anM ZV[_dnxi +dr\/x ]ernMi

—|

\'

((’UM, ~Hy, )jnl\/li TH, (E[_dnx, +drk/x ]—'_ani j+('ux, —Hy, )jnxi +'uvxdr\/Xj

u u
=—;((ﬂMi -, -, B, +(ﬂxi A ‘ﬂxxjd”xi +(;ﬂvM Ty, jd%j

= b, +f n, +[
:_? 'u'V'i +'uVM _'u'V'M nMi + 'uxi +'qu —,LIXX nXi + VﬂVM +'qu dr\/x =0

(4) To find the conditions for equilibrium, set the coefficient equal to zero.

(’uMi TH,, T Hy, ):O M, =M. +V,
(ﬂxi TH, —ﬂxx)=0 —) Xy =X; +Vy

null =uV,, +vV.
(%/‘VM +:uvxj:0 § "



(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.

g uN, T ong U
noon %
V- n, VN, x |- n, N,

[Mi ]B/M ] =Ky, = K?dﬁe_(AHfd‘C/kT) ||~ [Mi I\/M ]z K®, 'Ce—(AHfd,c/kT)
| M |

My =M; +V, :Mi IVM ]z K% ,ce_(AHfd’c/kT)
XX = Xi +Vx ||- X I\/ ]z K(f)d ae_(AHfd,a/kT)
null =ty + V¥ V ]JB/ ]V K, AHsd/kT




(6) The condition for charge neutrality in the crystal

i) [Mrz],{v@z”xi(ﬂ

___________________________________________________________



13-3.5 Extrinsic Defects in Stoichiometric Compound Crystals

Ex) ZrO, doped with CaO

a ZrQ al " X .o
CaO——=>Ca, +0, +V,

Zr

0 2Ca0+ Zryy —£%22Ca,, +20," + 71"
3 P -
~—CaO0—%2%2>5Ca, + 1 Ca*+=0," + 1 Ve
2 2 2 2
4 CaO—22 5Ca, + 1 Ca’™ + iOOX L2 v
3 3 3 3

lon size, crystal structure, density, electrical properties

-> Determine Proper Incorporation Reaction.

N g

Anion vacancy formation

CaO—2%—Ca, +0," +V3" Ca Zr_0,
2Ca0 + Zry —2%52Ca, +20," +7r  Cay,Zi O,

Cation interstitial formation



Anion vacancy formation

CaO—2% 5Ca, +0," +V>" Ca,Zr, 0,
2Ca0+ Zr; —2%52Ca, +20," + 7" Cay 25 0,

Cation interstitial formation

Z(X |v'CaO + (1_ X) I\/IZrOZ)
NAVC

x=0.15 a=5.1535A determined by x-ray diffraction P =

~ 4(0.15M¢,, +0.85 M, )

3

N, (5.1535*10°cm)

Anion vacancy: Cag 15Zrg 3501 g5 =5.52g/cm®

~ 4(0.3M ¢, +0.85 M, )

Cation interstitial: Ca, ;qZr 2O P =
o307 0.8572 N, (5.1535*10°cm}

=5.92g/cm®



Anion vacancy formation

CaO—2%5Ca, +0," +V"~ Ca,Zr, O, .
2Ca0+ Zry —2%52Ca, +20," + 77 Cay Z1 0,

Cation interstitial formation

\ .
C aZx Zrl—x 02

» Experimental

Ca_/Zr,_0O

x 2-x

CaO

When sintered at 1600°C, the density profiles coincide with anion model



XYF,—<£ 5xY, " +xF, +2xF."

_ CaF, @ ' X '
m —_—> YC(: + F; + 2FF Cal—.\'Y.\'F2+x

2VF, —%E 52y *+V.  +6F." Ca Y, F,

VT 3CaF, v * R X
2xYF, ———>2xY,, +xV_ +06xF,

2xZr0, —2% 52x7r," +3x0," +x0,

YF;

2710, — 2% 50710 30,5 +0 Y, 5.21,0;.,

320, —22 375" +60, +V, Loy Os

: 2,0 ’ . X "
3x/Zr0O 23 S3x/r. +6x0.7 +xV
2 Y O Y

Z2ro,




13-4 Nonstoichiometric Compound Crystals

When elements M and X combine to form a crystalline compound M X,, 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 MO, 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: M, O,.5), Or
(2) Placing the oxygen ions on normal anion sublattice sites and simultaneously
creating vacancies in the cation sublattice (metal deficient: M_50,).

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: M, 50,), or
(2) Placing the metal ions on normal cation sublattice sites and simultaneously creating
vacancies in the anion sublattice (oxygen deficient: MO, ).
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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 M X,
that is equilibrium with its surrounding atmosphere.

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

(2) Determine the number of independent defect reactions
[Co+C9-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 lllustration of the Conditions for Equilibrium of Alumina

Assume that an alumina crystal is in equilibrium with its vapor and neglect the presence
of impurities AlLO,

(1) List the entities that may exist in the crystal of concern
ALYV, AL, O3,V , O
(2) Determine the number of independent defect reactions
[Co+C9-E-2]=[ 8+2-2-2]=6 ALV AL OV, O e h
Al(g).0;(g) Al,O

(3) Construction of balanced defect chemistry equation
(1) Mass Conservation + (2) Site Ratio Conservation + (3 Charge Neutrality

null =2V, +3V;
null =e +h’
Al(g)= Al + 3¢’ =) AG* =—kTInK,

0,(g)=20; +4h
Al(g)+V,, = Al +3¢’

30,(g)=607% +4V,, +12h
(4) The affinity for every reaction is equal to zero



null =2V, +3V; s AG* =—KTInK,

K
null=e +h Ko

K

K

Al(g)= Al +3¢’ Al C o

0,(g)=20; +2h
Al(g)+V, = Al +3¢ K,
30,(g)=60% +4V,, +12h : K, _

X2 X2
K = Vai© V5
d =g 8 Unkrowns BXV/L + ZXO;. +Nn= 2)(\/(5 +3XAI{' +p
Koo = % 6 Equations P =Py +F,, +Fopers =1atm
|
X AI_..‘n3 2 Unknowns
KAli = P
Al
X2 p° 8 Unknowns
Ko = 2 +
| Po2 8 Equations
n° |
Ny 0 Unknowns
Pa Xy
4 12
Xu, P

Vai = P3
0,




* Brouwer Diagram

System = (T, P, X)

Defect Generation Reaction:

— Intrinsic
lonic:

Electronic:

— Extrinsic
lonic:

Electronic:

Neutrality: 2)v; |+ p=2[v, |+n

null =V,, +V; K, =i Ivs
CoMI=MieVy K= [mifve]
L 03=0% Ky =[]
nil=e +h K. =np

R -— —— e g

-




*~1. Intrinsic

Defect Generation Reaction: Neutrality: ZM']+ p=2 B/M ]+ n
— Intrinsic
il vy Vs K=l el
Electronic: _ ,
nil=e +h K.=np
— Extrinsic
lonic:
Electronic: Bty
0% =10,(g)+Vs +2e R :B/o]n2 %
10,(g)=02 +V,, +2h  Kq =B/M ] p? P,/
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fffffffffffff Regime 0D 2\sl+p=2lV;|+n  RegimeoE
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= =2y,

03 =10,()+Vs +2e 10,(g)=0% +V;y +2N'

Temperature, T

Log(Pgp)



For Regime ON null =V,, +V;, Ks =[Vu1IVs'] B/o"]_M]
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For Regime OD Of =10,(g)+Vg +2¢

Kg = Ps VS 14VS T
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For Regime OE
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When AH.° < AH? = Kg >> K|
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Electronic Conduction (BaTiO;: the effect of Poz)

1000 °C
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—-2. Extrinsic: 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.

Al O, : MgO
(1) List the entities that may exist in the crystal of concern
Al Va, AE,O05.V5, Ot Mgy, Mg,
(2) Determine the number of independent defect reactions
[CO(.|.Cg_E_2]:[ 9(10)+3'3'2]:7(8) AI,)A(J 1VA| ’ AII , O())( 1Vo 1O| ’ er’ h : MgA| ’ (Mg|)
Al(g).0,(g):Mg(g)  Al,O:Mg

(3) Construction of balanced defect chemistry equation
(D Mass Conservation + 2 Site Ratio Conservation + 3 Charge Neutrality

2MgO—2%_52Mg),, +20% +V; 3MgO+ Al, —2% _33Mg),, +30% + Al

(83Mgo—2252Mg,, +30% +Mg; )



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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Sh,0, —22—2Sh;, +405 +10,(g) +2e

: increase conductivity of n—type semiconductor SnO,

BaTiO;
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Mn,0, + 10, (g)—2L%—2Mn,, + 40} + 2h
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I

La,0,—% 2l a,, + 20, +10,(g) + 2e
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Chapter 15 : Electrochemistry

lonization 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

y .
: i
Cu‘
L
CuCl
_ >y )

Cu® = Cu2+L +2e@
If the concentration of CuCl, 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=(-)



a

/ ! P / 1
-~ QY r_ dSSffs=—dU“+TadV“—ﬁ[u,‘f‘4an+yedne]
_‘:'_ ..A::.’:'."_:_'ff:::':.':' " e 1 P e 1
Ml dSsyS = F dU dV T e [nuMZ+anz+]
MZ' €= H+
XZ+ OH_
MuXv . H2O dszys == dS,a + dSIe
e .
Isolation constraints:
de = an + anE\/IZ"' =0 anz+ = —an ----------------- 1

q% = —N,en% = — Fn% — dq% = — Fdn%
qe = NoZ+en;IZ+ = Z+F7’l;12+—> dqe = Z+Fdn;12+

dqior = dq” +dq® =0 — —Fdng + z"Fdn}z, = 0 — dn = z*dnyz4 <----------- .

— dn% = —ztdn§;

_____________________________________________________________________________________________________________________________



dq® = — Fdn¥%
dE{,, = dU'® + dU'¢ + ¢%dq® + p°dq°©

dq® = z*Fdn},z.
dE(oe = dU'® + dU'¢ + ¢%(— Fdn%) + ¢¢(z*Fdn},z)

— + a
dng = —z"dny,;

€ _ a
dny,z+ = —dny

dE},; = dU'* + dU'¢ + % (z*Fdn%) + @¢(—ztFdn)
dE/,, = dU'* + dU'¢ + ztF{p% — ¢}dn,

dE{otiso = AU +dU'C + z*F{p* — ¢ }dnj; = 0

dU'¢ = —[dU'* + ztF{p% — @}dn¥]



a

dSsys = _dU A Tl [y dng + u&dn] ______________ i = —ztdns, |
dSiys = FdU dV’E _i[.uMZ+anZ+] dU'E = —[dU'® + 2+ F{@® — }dn%]
dv'c = —dv'®
dn;,z+ = —dny,

dSLysis0 = AS' +dS'€

_________________________________________________________

a

! ! 1
_ﬁdUa-l_T dV“—ﬁ[HMan‘l'# (—z"dnj)]

pe
—Te [dU'® + ztF{p% — p}dn¥] — —dV ¢ + — [,lle+dTlM]

1 1 e « pe\ 1 N T a
= (= e ) 40" + (g — g ) AV = o [l — 2 g1y + [z — 2 Fl® — ¥)]dn = 0

T =T€ : Thermal Equilibrium P% = P€ : Mechanical Equilibrium

1
— g iy — 24 gl = [z — 2 Flo® — ¢Y]}dnf; = 0



[uyy — z*ug] — 5,z — 2 F{o®* — ¢} = 0

[u,‘(‘,, — (z*pg + M;IZJ,)] + ztF{p%* — ¢} = 0 : Electrochemical Equilibrium

[.Ulavl — (Z+Hg + H;,Z+)] = —ztF{p%* — ¢}
A= [ug— (zTug + u;z+)] . (M%) +zte” = M* Reduction



15-3 Equilibrium in an Electrochemical Cell

[ ] T

Salt bridge KNO;,KCI, NaCl

\ ‘ || i | \ cju2 ) Zr7|7CI2

(a) (b)

Electrochemical Equilibrium Condition
(M%) + zte=M* =  A=-zTF{p%— ¢}

— | (Cu?t)E + 2(e)% = Cu® &, — (2ug + pé 2+ )| = —2F{p% — ¢¢}

(Zn2)" +2(e )P = Znf |1 — (20 + 1) )| = —2F (0P — o7}

[nugn - (Zug + ﬂ;n2+)] - [:ugu - (2#? + 'ug‘uz"')] = _ZF{QDB — (pa}



Working of a Salt Bridge

Voltmeter

Direction of electron flow

- +
Anode Salt bridge Cathode
(Oxidation) f§Zn KCL {\\ Cul | (Reduction)

7

l
S¥Znso‘ ‘2 [ CUSO4 ' &

Zn(s) | ZnSO,(aq) || CuSO,(aq) | Cu(S) Zn—2Zn* +2e° Cu* +2e—» Cu




1 = (20 + w0 )] = [ — (208 + o)) = —2F(0F — 0%} g =
[.ugn - ﬂ2n2+] - [.ugu - #E‘uz"'] = —ZF{(pB — (p“}

|1h, + uEor | = [0l + 1) o] = —2F{0F =%} 1 Cu®+ (Zn>H)" = ZnP + (Cuh)°

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

Left Electrode|Electrolytel| |Electrolyte2|Right Electrode



& 1 1) =
M, M,
Zn Al

7 ™

oL N

M5 +2, (e)*= M} M, + 2, (e)P= M7

(MA*) 4 z,(e7)* = M@ (MZ2%) 4 z,(e™)B = MP

A% = [ufv‘fl — (Zlu? + u;fﬁ)] = —z:F{p®% — ¢}  *(z,/21)

AP = l#ﬁz - (Zz.ug + .U;,;ﬁ)] = —ZzF{(P’B - QDE}

Z Z
AP — 2 A% = [ﬂﬁz = (Zzuf + u,i,§2+)] - [ufv‘fl — (mKe + ﬂ;lf1+)] = —z,Flof — o H 22, F{o® — ¢}



Zy [ Z3
AP — 240 = by — (Zzuf + ufv,;z+>] ~ [uﬁl (@K + .U;Ifﬁ)l = —zF{oF — 9%}

g G A T O iUt
1

Z? Z7
Acen = [H}ﬁ[z + ZM;IZﬁ] - [.u;[;z+ + ;1#1?41] - _ZZF{QDﬁ - cpa}

(M) + Z2 Mg = M+ 22 (M)
1 1

Suppose a=M,=Zn and B=M,=Al,  (AI**)" + ;Zn“ =alf + ; (zn?*)*

3 3
Acet = l.uf;l + E,U;nﬂl - [Hjlﬂ + E,ugn] = —3F{¢,3 — (Pa}



. A=AG° +RT InQ - Acet = AGGy + RTINQeey = —2F £cey | Eceu = (9P — 0%}

________________________________________________________________________________________

If Qe =1 AGS,, = —zF €2, g2, - std. electrode potential
I

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

Acenn = —2F €y + RTIn Qpoyp = —2F £cep

______________________________________

__________________________________________



15-3-3 The Standard Hydrogen Electrode

80{[)’ — QDB _ ¢a — (90[)’ _ ¢std) _ (¢a _ qDstd)

9% — st = (¢F — ¢*?) — (¢F - ¢*)
€3§¢ﬁ_¢std=¢ﬁ_0=¢3 : Half cell potential
----------------------------------------------- ' / Single electrode potential

TABLE 15.3
® An inert platinum electrode is immersed in Selected values from the
an acid solut|on_and purified _hydrogen gas at electromotive series
one atmospheric pressure is bubbled over
the Pt-electrolyte interface with the system ; 3
maintained at 25°C. Reduction reaction emf(volts)
( Cat +e" =Ca —3.80
7774770 |~ H; Bubbles Nat 4+ e~ = Na 27
Hg 710 Attt 4 3e- = Al —1.662
- ++ n— —0.447
2(HT €1 2(e Pt=Hg Fe™ 4 2e Fe 0.
Lo (H7)" +2(e7) 2 Nit* +2~ =Ni  —0.257
i — Fet™* + 3¢~ = Fe —0.037
Biidge ' 2Ht +2e~ =H, 0.00000
Cutt +e~ =Cut 0.153
Cut +e~ =Cu 0.521
Fettt e~ =Fett 0.771
0, +4H* + 4e~ = 2H,;0 1.229
T Standard Hydrogen Electrode (SHE) Aut +e~ = Au 1.692

Agtt +e” = Agt 1.980
H, gas




e
—9id 9 9a9d

#aigl oyl

FAIA EH 101

HolE s 1M
2o A2

S US(PY)

Standard
hydrogen
electrode

Voltmeter

+0337 V

Cu strip

| 1 ——
- P =<
‘ |
| -
— :! H+
il
1MH*
o | o )
U R T
H(V) HEI(v)
L'/ 3,045 MnO2/MnOOH(agg= 1) 0.15
Na'/Na 2714 Cu*/Cu 0,347
Mg"/Mg ~2.363 Ag0/Ag(agy=1) 0,345
AP 1,662 0u/OH (agy= 1) 0,401
00 /Znlags=1) | 1216 | NiOOH/NOH)agz=1) | 0.49
Ha/OH (agg= 1) -0,828 Fe¥/Fe®* 0.71
CA(OH)/Cdlagz=1) | -0.825 Ag'/Ag 0,791
0% /zn 0,763 Bry/Br 1,087
Fe™*/Fe 0,440 02/H0lage=1) 1,229
/e -0.408 Ch/Cr 1,3595
Cdz+/Cd -0.403 Ce4+/Ce3+ 1.61
PbS04/Pb ~0.3568 Pb0/PbSOs 158
Ni*/Ni -0.250 FofF 2.87




Aceny = —zF ggell + RT In Qceyp = —2F £cep

ém}( Acent = —2F 2oy + RTIn Qe = 0

—RTInK = —zF &°

| g0 — InK g° (+) — K>1 — resistant to dissolution =~ — noble elements
€° (-) — K<1 — reactants dominate at Eq. — reactive elements



15-4 Pourbaix Diagram

15-4-1 The Stability of Water : H,O, H*, e, H5(g) and O,(g)

@© 2H"+2e” =H,(g) : €°=0.000volts

For this half cell reaction,

a a
H, H,
logQ = log == =log[ 5 ]=logPH2—210gaH+
H+ae— aH+
log Q = log Py, + 2pH
0.05915 . 0.05915 :
e = 0.000 — T[logPH2 + 2pH]| e =¢g° —TlogQ V]

__________________________________________

Let 0.05915 = b

b
€ = —bpH — ElogPH2



@ O0,+4H" +4e” =2H,0 : £°=+41.229 volts

For this half cell reaction,

a?zzo 1
log Q = log T | log el —log Py, — 4logay+
02 H+ e” 02 H+

logQ = —log Py, + 4pH

0.05915
£=+1229 - — — |—log Py, + 4pH|

Let 0.05915 =b

b
€= 11.229 + ZlogPozl — bpH



1.50

1.00

0.50

H,0 2Pl est

£ (volts)

—0.50

—1.00

—
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MR AV

0, !

4

H,0

b
€ = —bpH — Elog Py,

s

e VXS 170 TR O [ — &

N -

8 10 12 14 \\
pH

10-2 )
101
100
10!

b
€= [1.229 + —{log POZ] — bpH

102



TABLE 154

15-4-2 Pourbaix Diagram for Copper Reactions considered in computing
the Pourbaix Diagram for pure
copper

Copper-Water System _

Cut* + 2H,0 = HCuO; + 3HT [A]
@ Components: 7 e ma=ong tal W
HCuO; = Cu0; ~ +H* [C]
solid components: Cu, Cu0, Cu,0 Cut =Cu** +e” (D]
ionic species: Cu®,Cu**, HCuO;,Cu05~ Cu* +2H;0 =HCuO; +3H +e”  [E]
others: H+, H,0, e~ Cut +2H0 =Cu0; ~ +4H" +e” [F]
Cu + H,0 = Cuy0 + 2H* + 2e” (G]
@ Elements: 3 [ CutH0=CuO+2H* +2¢-  [H]|
Cu, H, 0 Cuz0 + H,0 = 2Cu0 + 2H* 4 2e~ (1]
2Cut + H,0 = Cup0 + 2H* 1)
Cutt 4 H,0 = CuO +2H* (K]
® Independent Reactions = C-E = 10-3 = 7 CuO + H;0 = HCuO; + H* (L]
CuO + H,0 =Cu0O;, ~ + 2HT [(M]
Cu=Cut +e” [N]
@ The number of reactions must be considered: 21 Cu = Cut+ 4 2e~ (O]
Cu + 2H;0 = HCuO; + 3H* +2e~ [P]
7! Cu+2H,0 = CuO; ~ +4H* +2¢~  [Q]
rl2 = 2151 21 Cus0 +2H* = 2Cut* + Hy0+2¢~  [R]

Cu;0 + 3H;0 = 2HCuO; +4H" +2e~  [S]
Cuy0 + 3H;0 = 2Cu0; ~ +6H' +2¢~  [T]
Cut + H,0 = CuO +2HT + e~ [U]




Cu + H,0 = CuO + H, Cu+ H,0 = Cu0 + H,
2H++2€_=H2 [> 2H++26_:H2
2Cu + H,0 = Cu,0 + H, Cu+ H,0 = Cu0 + 2H* +2e~  [H]

Cu=Cu*t+e”
Cut=Cu*t +e”

2H, + 0, = 2H,0
2HCuO~ = 2Cu0? + H,

(0, + 4H* + 4e~ = 2H,0)




TABLE 15.4 ) .
Reactions considered in computing

the Pourbaix Diagram for pure
copper Group I = Reactions in which no electrons are
transferred to the electrode: [A],[B],[C],[J3],[K],[L],

Cut* +2H0 = HCuO; + 3H™ Al and [M] = Vertical lines at a fixed pH
Cutt 4+ 2H,0 = CuO; ~ +4H" (B] _ _ _
HCuO; = Cu0; ~ +H* [C] 1(:E;]ré)Lrl]deI = Re_actlf)ns in which do not dependent upon
Cut = Crhge” (D] ydrogen ions: [D],[N], and [O] = Horizontal lines
Cut 4 2H,0 = HCuO; +3H +e” (E]

Group III = Reactions in which both electrons and

o R = F |
Gt +2i0.=Cu@; ~+4H" +& Fl " hydrogen ions involve: = Lines of a slope n*b
Cu + H0 = CuyO + 2H* + 2¢~ (G) A IR
= + = | : . |
| S L | b & B logacy1 = [0 |-2(-4]-6 logaCuO,= —6 ~:—4 =2{ 0]
Cuy0 + Hy0 = 2Cu0 + 2H* + 2e~ (1 i ! i
2Cu* + Hy0 = Cuy0 + 2H* ] Ey : !
4 -2 17+ ‘
[ Cut* +H,0=Cu0+2H* | [K] [ ). : | ] ]
CuO + H;0 = HCUOZ_ +H* [L] Lo G \;fé:{O I e E )
[ CuO+H0=Cu0; ~+2HF | (M 3 T VS LR
Cu=Cu" +e” (N] 0, D HCWO; | T
[ c-arre ] o T =y W
Cu 4 2H,0 = HCuO; + 3H* +2e~ [P] .

Cu+2H;0 = CuO; ~ +4H" +2¢~  [Q]
Cu;0 +2H* = 2Cut* + HyO + 2e~ [R]

Cuy0 + 3H,0 = 2HCuO; +4H" +2¢~  [S] il i i
Cu;0 + 3H20 = 2Cu0; ~ +6H' +2¢~  [T] i i
Cut + H,0 = CuO + 2H* + e~ (U] - d




For the half cell reaction, [K] Cu®* + H,0 = Cu0 + 2H?

b
E=¢g, — ElogQ
2 2
Acuod a
logQ = log[ Cu0 H* ] = log[ HY ] = 2logay+ — loga 2+
aHZOaCu2+ Acy2+

£E=&,— 5[2 logay+ —logag,2+] =0

b
E=¢,+ bpH +§loga6uz+ =0

1
bpH = 3%~ Elog Ay 2+



For the half cell reaction, [M] CuO + H,0 = Cu05~ + 2Ht

b
E=&, — ElogQ
Qcyo,2- Ot Qcyo,2- Ot
log Q = log 2 =lo : =loga,,, 2- + 2logay+
AH,0acu0 1 2

b
£=¢& —3 [2 logay+ + log aCuOZz—] =0

b
€ =¢,+ bpH — Elog Acyo,2~ = 0

1 1
bpH = — 3 %o + Elog Acyo,2-



For the half cell reaction, [-H] CuO + 2H* + 2e™ = Cu+ H,0

b
£ =g, —ElogQ

Ac, A 1
logQ = log[ U ZHZOZ ] = log[ > ] = —2logay+
aCanH+ae— aH+

b
£=g, +§[2 logay+]

€=¢,— bpH



For the half cell reaction, [-O] Cu?t +2e~ = Cu

b
E=¢g, —ElogQ

a
log Q = log [%] = log[ ] = —logag,z2+

acu2+ ae— acu2+

e=¢gt3 [logac,z+]
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