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10. Equilibria in Electrochemical Cells
10.1 Definitions

electrochemical cell consists of two
electrodes or metallic conductors in
contact with an electrolyte, an ionic
conductor. It is a device which can
produce electrical work in the
surroundings.

electrolytic cell electrochemical cell in
which a non-spontaneous reaction is
driven by an external source of current.
galvanic cell electrochemical cell that
produces electricity as a result of the
spontaneous chemical reaction going on
inside it. Electrical work is produced in
the surroundings.

oxidation removal of electrons from a
species

reduction addition of electrons fo a
species



anode the electrode at which oxidation
occurs
cathode the electrode at which reduction
occurs
electrical potential of a point in space 1/
the work expended in bringing a unit
positive charge from infinity, where the
electrical potential is zero, to the point in
question.
electrical potential difference & The
difference in electrical potential (¥,- 1/4)
between two points is the work
expended on taking a unit positive
charge from point 1 to point 2.

hWelec =5dQ
electrode potential is the electrical
potential ¥ of each electrode
electromotive force of the cell
G = Viight-Vieft



In a galvanic cell the cathode has higher
potential than the anode. In an
electrolytic cell it is just the reverse.

The notation for cells: vertical bar |
denotes phase boundaries:

Pt|H2(g)[HCI(aq)|AgCl(s)|Ag(s)

A liquid junction is denoted by :
Zn(s)|ZnSO4(aq) : CuSO4(aq)|Cu(s)

An interface for which the junction
potential has been eliminated is shown

as ||
Zn(8)|ZnS0O4(aq)||CuSOy4(aq)|Cu(s)



The cell reaction is written on the
assumption that the right-nand electrode
is the cathode, and .. the spontaneous
reaction is one in which reduction is
taking place in the right hand
compartment. If it turns out that the
reverse of the cell reaction is
spontaneous then the cell diagram has
to be turned the other way around.
Example, the cell diagram:
Zn(s)|ZnS04(aq)||CuSO4(aq)|Cu(s)

has the following cell reaction:

Right:  Cu®*(aq) + 2e- ->Cu(s)

eft: Zn**(ag) + 2e- —Zn(s)

Right -Left =

Cu*(aq) + Zn(s) — Cu(s) + Zn**(aq)




Agreed-upon Conventions
Right ReduCtion Cathode
OxidAtion Anode
& positive spontaneous cell reaction

cell diagram:;
Zn(s)|ZnS0O4(aq)||CuSO4(aq)|Cu(s)
Right: Cu®‘(aq) + 2e- — Cu(s)

Left:  Zn**(aq) + 2e- — Zn(s)

Right Reduction takes place ..no
need to change the way it is written.
Left has to be changed around

Right -Left = the cell reaction, which is
Cu*(aq) + Zn(s) — Cu(s) + Zn“*(aq)
Cathode reaction: Reduction

Right: Cu®'(aq) + 2e- — Cu(s) keep
Anode reaction: Oxidation

reverse to Zn(s) = Zn**(aq) + 2e-
&=+1.1volt positive .. spontaneous cell reaction

AnnG = -2%& negative .. spontaneous reaction
cell diagram is written as a galvanic cell




externaM

~°
Zn|Zn? | Cu?* ] Cu
« S04«S04”
oxidAtion reduCtion

Anode Cathode



10.2 Gibbs Free Energy of Formation of
an lon in Solution

dG = hWother, rev

If we transfer a number of electrons

carrying a charge, dQ, from M to M’, the

work done on the system is 0 Wpec . If

the transfer is done reversibly, the work

produced by the system is equal to the

decrease in Gibbs energy of the system
0Weee = dG

OWeiee =(1- ¥)dQ dG=p'c.dn - uedn

-Navog€ = - # is the charge carried by 1

mole of electrons,
the Faraday & = 96490 coulombs

dQ= -%dn
OWeiee = (V- 1) Fdn)  dG=(e-- 1e.)dn
We- - He-= - F(V'- V)




For the purposes of considering the
chemical potential of an electrochemical
system we have to consider all the parts
and for each part we have to consider
the “purely electrical” and the “chemical”
part of the chemical potential:

1. the electrons in the metal wire
electrodes have (a) a purely electrical
part that is - ¥/, or - eN,,,,’ for one mole

of electrons, (b) a chemical part that is
unknown and which we conveniently set
to zero for all metals.

2. the positive ions M“" within the metal
have (a) a purely electrical part that is
+z,e! OF +z,eN,,,, for one mole of M*
lons, (b) a chemical part that is zero for
every pure metal at 25°C and 1 atm.

3. the positive ions M*" in the aqueous

solution have no purely electrical part,
only a chemical part that is . (o).



4. the negative ions in the aqueous
solution have no purely electrical part,
only a chemical part that is pix,. 5q)

The electrochemical potential u is a
measure of the escaping tendency of
the electron or the metal ion from the
phase that it is in. For example, for one
mole,

- eNyyog ¥ for electrons within the metal

electrode trying to escape the metal to
go to a positive ion in solution
+2,eN,,0gV for metal ions M*" within the

metal electrode trying to escape the
metal to go into aqueous solution as a
free metal ion.



Assign arbitrarily the chemical part of
the chemical potential to zero in every
metal, to write y.. = - #. For the

reaction

M—> M7+ ze

The equilibrium condition is
i = (R + 2FV) - 25

Or Ly = Um+z
For ions in aqueous solution,

ul 1,0,X) = Hz‘@T + RTIn a,(T,p,X)
standard state of zero free energy at
25°C and 1 atm:

M@T = 0 for elements in their stable state

of aggregation.
For the reaction

H'aqy *€py = "My
The chemical potentials are
HH+aq) He-(Pt) %HHZ(Q)



The condition for equilibrium is that
Upeag) T Hepty =  72MH2(g)

_ o
Hh+(aq) = MH+@aq) 7 7T RTIn aH+(aq)(T7p7X)
Hepty = = IV(H+H2)

_ o
HHo@) = MH2g) 7 T RTIn (foqf1)

— S O
V% (H+,H2) = Y H+(aq) T‘1/2MH2(g) T

B RﬂnflzlaH+
Virerz) = (Mg 7 Yol T HF
~(RT/F) In f“lay.,
{u H+(aq)®T '%MHZ(g)@T e = v (H+,H2)@T
If we assign
&
Viierz) "7 (SHE)= 0, then, pyuag 7 =0

and we find that -
Ve n2) = - (RT/F) In 7l apaq)



This is the Nernst eqn. for the hydrogen
electrode. In words, the electrode
potential of a hydrogen electrode
relative to the standard hydrogen
electrode (SHE) is related to the activity
of H" ions in the solution and the
fugacity of the H, gas over it.

The free energy of the electrons in any
metal iIs measured relative to the value
in the SHE.

*The standard free energy M+n(aq)9T of
other ions in aqueous solution is
measured relative to that of the H” ion in
the SHE.



10.3 Thermodynamic Functions from Cell

Measurements, AG®

Recall dG = hWother, rev

If we transfer a number of electrons

carrying a charge, dQ, from M to M’, the

work done on the system is 0Wpec . If

the transfer is done reversibly, the work

produced by the system is equal to the

decrease in Gibbs energy of the system
jE]VVelec = dG

Moo =(17- 1)dQ  dG=p'e.dn - nedn

the charge carried by 1 mole of electrons,
-Navog = - # = -96490 coulombs

dQ= -%dn

hWe]eC —~ (V" V)(’ 9dn) dG:(H’e_“ Me_)dn
We- = He-= = F(V'- 1)

The maximum electrical work that a

system (the cell) can do is given by the
value of A,,,G for the cell reaction

AsnG = V("e)NAvog (Vright""vleﬁ) =-v%6




Arxn —_— V‘gg

We therefore find the important relation
that the reversible emf is a measure of
the free energy of the cell reaction. The
reaction can proceed spontaneously

only if AunG < 0. Thus only if & > 0 can

a cell reaction proceed spontaneously,
and the cell serve as a source of
electrical energy. When & > 0 the cell

reaction can proceed as written.
This cell has & =1.100v at 25°C.:
Zn(s)|ZnS0O4(aq)||CuSO4(aq)|Cu(s)
Acting as a galvanic cell, the cell
reaction is

Cu®*(aq) + Zn(s) - Cu(s) + Zn**(aq)
external circuit

-e—
ZnI/ZT Cu*'— Cu

— SO4 (—804
oxidn. redn.



The standard cell potential is & °

E° = (Viignt - Vier) where ¢
corresponds to the electrode potential for
the half reactions, with the chemical
substances in their respective standard
states. for example, the standard hydrogen
electrode (SHE) has

/° <y = 0 by convention and the ¥© of
other half reactions are obtained by
coupling the half cell (containing the
substances at their standard states) with
the SHE and measuring & of the cell.
Pt|H(g)|HCI(aq)|Ag"(aq)lAg(s)

has 8 = +0.80 volts

. #/© = +0.80 volts for (Ag+/Ags))

AiGE = -vFE®




Equilibrium Constants
For the reaction

aA +bB — cC + eE

ﬂi(T,p,X) = /UIQT + RTlIn a; (T,p,X)
leads to
ArxraG = Aran@ + RT In Qxn

where Qun = {(ac)*(ax)" /(a4)"(az)’}
Since we had found A,,G = - v%6

-vFE=-vFE +RTIn Qu Nernsteq.
At equilibrium, Ap,nG = 0, and
K = {(ac)(ar)* (a1)(a5)Yequi

0= AuG“+ RTINK

L vF8° = RTInK

That is, we can obtain equilibrium
constants for ionic reactions from
standard electrode potentials.




How to measure standard potentials
For the cell:

Zn(s)|ZnCl; (aq)|AgCl(s)|Ag(s)
The cell reaction is:

Right:  AgClg) +  e- — Ags)+ Clag
_eft: Zn2+(aq) + 2e- — N
Right - Left =

2AgClisy+Zns) — 2Ag(e)+ZN* " (ag+2C1 ag

2
Qun = d7n2+(aq) ACI- (aq) , V=2 ,
d7n2+(aq) ACl-(aq) —”Y+ mZn2+(aq) mce- (aq)
=Y+ m(2m) - 4 m

- vFE=-vFE + RTIn Qun

£=6° - (RT/vF) In Qs

=8 - (RTR2F) In (4y.°m°)

Use the Debye-Huckel limiting law:

In y: = (27tNAvog) "2 (€%/10eksT)** z.z. 1"

[ = (1/2) Zz =all lOI’]SC Z; =2m
Collect constants in front of m"?into A



5+ (RTR2%) In4 + (3RT2%) In (m/1)

= 24+ Am'2
Plot the left hand side against m'?
In the limit of m"# -0, the intercept is &°

The reaction is spontaneous as wrltten if
§° > 0.
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Activities and Activity Coefficients

In the previous example, using the cell
Zn(s)|ZnCl; (aq)|AgCl(s)|Ag(s)

in which the molality of of the ZnCl,

solution is m, we had found

=& - (RT2%) In (4y.°m°)

Once &% is known from the extrapolation
procedure, this equation can be turned
around to determine the activity
coefficient y. at any molality m by simply
measuring & . That is, if we rearrange
=8 - (RT2%) In (4y.°m°) we get,

&= - (RTRF) In (v.°) -(RT2F) In(4m°)
(RT2F) In (v.°) = §°-& - (RT2F) In(4m")

More generally,
(SRT/v Fn(y.) = &-& «(RT/v F) InpPq°m*®



From this example we see that it was
possible to determine the mean ionic
activity coeffient of any aqueous
solution of the electrolyte ZnCl, by the
following procedure:
(a) set up cells
Zn(s)|ZnCl; (m,aq)|AgCI(s)|Ag(s)
of various molalities in ZnCl..
(b) measure & for these cells

(c) Plot the quantities
&+ (RT2F) In 4 + (3RT2%) In (m/1)
against m', extrapolate to m"* —0,

the intercept is &°
(d) Calculate the mean ionic activity
coefficient at any molality from

(RT2F) In (v.°) = &7-& - (RT/2F) In(4m®)
(e) The activities are then given by
a. =vy.m; where (m. )’ =(p"q")m
a:=v: (p°q%)"m



Where the ionic activities

a, = Y+M. a. = y.m.

themselves appear in a Nernst
equation, the collection of y, and y. and
the terms in m, = pm and m. = gm may
be grouped together, and this makes
possible the replacement

of (v+)°(y.)? by (y:).



Determination of AS® and AH® for a
reaction

AnG® = - vF&E°

Take the derivative with respect to T
since (0G/0T), = - S, we obtain
(0AnGEI0T), = - ApnS® = -v F (6E°10T),
and since

Arane - Arxn"le - TAran@

then

AoH®= - v F{E° - T(0E°18T), }




The reversible emf that is measured for a
cell gives the reversible work associated
with the cell reaction. Since this is
reversible work at constant temperature
and pressure, it is therefore the free energy
change. The maximum electrical work that
a system (the cell) can do is given by the

value of A,G for the cell reaction,

AonG = - vFE (1)

Starting from this equation, and its standard
state version, Aran@ = - vF&°

we may write the counterparts of the
following relationships (a)- (h)

(that we had derived previously, starting
from G=H-TSand dG = Vdp-S8dT)

in terms of &.




when (0G/0T), =-S is applied to each
reactant and product of a chemical equation,
(@) (OAxnGIOT)p = = AxnS
by direct substitution of (1)

(OVFE 10T)p = ApnS

(aAran/anp — "Arxns
vF (88 10T)p = AxnS

*when applied to each reactant and product
of a chemical equation, in their standard
states,

() (DA G 10T)p = - AnS”

as in above

(0Ann GZI0T)p = A ST
vHOEZIOT), = A S°




ewhen G = H - TS is applied to each
reactant and product of a chemical equation
at constant temperature,

(c) ArxnH = AnGT + TAnS

from (1) and (a),

AxnH = - vF3E + TvF (08 10T),

AxnH =-vF 3 E + T(08 [0T), §

Aran - AranT + TArxns
Aran - - Vg '§ 8 - T(ag /GT)pi

*when applied to each reactant and product
of a chemical equation, in their standard
states,

(d) Aran® = Arxn G@T + TAran@

as in above

Arane = ArxraG@T + TArane
AnH® = - vF -1 E° - T(06°10T), 3




ewhen the Gibbs-Helmholtz relation
(6(G/T)/6T), = -H/T® s applied to each
reactant and product of a chemical equation,
in their standard states,

(@) (A(AxnG® /T)ET)p = -ApeH=/T

Using Aran@ = - vFE°

VHANET/DNOT)p = AvH/T?

doing the differentiation on the left,
(B(EZ/TIOT), =E°(-T)+ (1/T)(06E°16T),
we see this leads to same result as (d):

AvH® = - vF -1 8° - T(66°10T),

*when applied to the equilibrium state of the
chemically reacting system

(f) d(INKL)/AT = -ApH=/T?

from (d) or (e),

d(InK)/dT = v -{ ° - T(08°18T), YT

d(InK WA T = -ApnH=/T?
d(InK)/dT = v -§ & - T(0E°I16T), YT




ewhen 1(T) = 1.°(T) + RT In a is applied
to each reactant and product of a chemical
equation,

(g) ArxnGT = Aran@T + RT In o

where O 1s in the same form as the true
equilibrium constant K for the reaction

bB +c¢C — pP + 1R, 0 = ay® ay’ Jag’ act
Using AnnG = - v¥$ and Aran® = - vFE°
-vFE=-vFEZ+RTIn Q

or&=8- (RTv%) In Q Nernst eq.

AranGT = AnG7 + RTIn Q
&=68- (RTv#) In 0 Nernst eq.

*when applied to the equilibrium state of the
chemically reacting system,

(h) AxnG® =-RTIn K

using ApnG® = - v¥&°, 8% = (RTvF) In K

ApnGE = - RTIn K
&2 = (RTv¥) In K




Arxn G

- vHE

ArXﬂ G@

- vFE®

(OAxnGIAT)p = -AnS

vF (08 10T)p = ArxnS

(6AxnG®IOT),
= -Arxn s@

vHAECIOT), = A ST

Aran -
Arxn GT + TArXﬂS

AI'XI']H -
-v# -4 6 - T(08 [0T),

Aran@ -
Aran@T + TAran@

Aran@ -
v -16° - T(0E°16T), }

#(T) = p>(T)+RTIn a

u(T) = 45(T)+RTIn a

d(InK)/dT = d(InK)/dT =
A H/T? VG $6° - T(06510T) YT
ArnGT E=8-(RTv# In Q

= AG 1 + RTIN Q

ApnGE =-RTIn K

&= (RTv%) In K




Therefore we can determine
thermodynamic functions from emf

measurements:

To obtain this

measure this

Aran@ = Vg 86
AnnS© v F (0E°18T),
A HC - vF{E°- T(8°10T), }
RTIn K vFE>
for any m for example,

(sRT/v %) In(ys)

E°-& - (RT/v %) InpPq®m®
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