Lecture Note #2 (Fall, 2020)

Cell potential and thermodynamics

Potentials

Cell potential
Standard potentials
Nernst equation
Pourbaix diagrams
Working electrode
Reference electrodes
Potential vs. energy
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Fuller & Harb (textbook), ch.2, Bard (ref.), ch.1,2, Oh (ref.), ch.2



Potentials

=& Chemical potential, electrochemical potential,
electrical potential (M%), electrode potential
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Chemical potential vs. electrochemical potential
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Cell potential(] M9): SHsIO| A

Why is it that chemical reactions in electrochemical cells proceed
spontaneously in one direction and furnish current?
(thermodynamics: equilibrium, kinetics: reaction rate)

Cell potential of an electrochemical cell

EceII = Ecathode - Eanode

Gibbs free energy, AG = -nFE
AG <0 — spontaneous

cell

Ecello: standa];ri%cz:lential = EcathodeO - Eanode0

E.n Eer: Standard electrode potential of half reactions expresses as
reductions vs. NHE(normal hydrogen electrode)

kAl AG = -W,, (electrical work), W, =nFU, U = E

cell
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Cell: Zn + Cu?* > Zn2* + Cu

* Right: Cu?*+2e-—- Cu E°=+0.34V
e Left: Zn2* +2e-—> Zn E°=-0.76 V

E_0=+0.34-(-0.76) = +1.10 V

cell

AGO = -2 x 1.10(V) x 96,485 (JV-'mol+t) = -212 kdmol-

reaction —» spontaneous



Standard electrode potential (H&

EO

D. A. Jones, Corrosion, Macmillan

X
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Reaction

Standard
Potential, ¢°
(volts vs. SHE)

Noble

Active

AT + 3¢ = Au

Cl, + 2~ = 2Cl1~

0, + 4H" + 4~ = 2H,0 (pH 0)
PE* 4+ 3e” =Pt

O, + 2H,0 + 4e™ = 40H™ (pH 7)¢
Agt +e = Ag

Hg,>* + 2¢” = 2Hg

Fe3" + e = Fe?*

0, + 2H,0 + 4e” = 40H" (pH 14)
Cu®** 4+ 2 =Cu
Sn*t + 2 = Sn?*

2H+ +2e” = Hz

Pb>" + 2¢” =Pb
Sn?t +2¢” = Sn
Ni** + 2¢~ = Ni

Co*" + 2e” = Co
Cd®" + 2 =Cd
Fe?™ + 2¢~ = Fe

Crt +3¢” =Cr
Zn*t +2¢” =7n
2H,0 + 2¢~ = H, + 20H"

APt + 3e” = Al
Mg** + 2e~ = Mg
Nat +e =Na
K*+e =K

+1.498
+1.358
+1.229
+1.2

+0.82

+0.799
+0.788
+0.771

+0.401
+0.337
+0.15

0.000

~0.126
—0.136
—0.250

—0.277
—0.403
—0.440

—0.744
—0.763
—0.828

—1.662
—2.363
—2.714
—2.925




Standard electrode potential (=M= 8 H)

- Standard reduction potential

16

Reaction Potential, V
_M i2e=My . _ 00000
2H,0 + 2e 2 H, + 20H™ —0.828
H,0, + 2H™ + 2¢ 2 2H,0 1.763
2Hg?* + 2e 2 Hg?* 0.9110
Hg3" + 2e = 2Hg 0.7960
Hg,Cl, + 2e = 2Hg + 2C1~ 026816 4
Hg,Cl, + 2e 2 2Hg + 2Cl~ (sat’d. KCl) 0.2415 2
HgO + H,0+ 2e = Hg + 20H" 0.0977 =
Hg,S0, + 2¢ =2 2Hg + SO;~ 0.613 E Water
I, +2e=221" 0.5355 N .
I; +2e231" 0.536 z
K*+ez2K —2.925 ~B A .
Lit + e=Li ~3.045 o
Mg?* + 2¢ = Mg ~2.356 s |
Mn?* + 2e 2 Mn -1.18 Hydrogen
Mn’" + e 2 Mn?* 1.5 Lantl k
MnO, + 4H" + 2¢e 2 Mn?’* + 2H,0 1.23
MnO; + 8H"' + 5¢ 2 Mn*" + 4H,0 1.51 16 ! ! ! | .
Na® + e 2 Na -2.714 ~# 6 CERE
Ni* + 2e =2 Ni —0.257 pH
Ni(OH), + 2e 2 Ni + 20H"~ —-0.72
O, + 2H" + 2e 2 H,0, 0.695
O, + 4H™ + 4e 2 2H,0 1.229
= 0, +2H,0 + de=240H~ T~ T 0.401
O3 +2H" + 2¢ 20, + H,0 2.075



Standard electrode potential not in Table

Desired reaction: Cr3* + e — Cr#*
In Table

Cre* + 3e"— Cr ECr3+/CrO =-0.74V
Cr2t + 26" > Cr Egppye? =-0.91V

For Cr3* + 3e- > Cr, AG® = '3FECr3+/CrO
For Cr¢* + 2e- —» Cr, AG°® = 'ZFECr2+/CrO

For Cr3* + e > Cr?*

0— _ 0
AGCr3+/Cr2+ - |:ECr3+/Cr2+
— 0 0
- '3FECr3+/Cr - ('ZFECr2+/Cr )

Ecrsicra+’ = 3Eciaic® — 2Eciauc®
=3(-0.74) — 2(-0.91) = -0.40 V



Standard electrode potential from thermodynamic data

aA+bB — cC+dD
AG = AGfproducts — AGfreactants = -nFE
AG;s: the Gibbs energy of formation

cell

lllustration 2.2



Effect of temperature on standard potential

Positive E,,,, (Spontaneous reaction))
AG = -nFE

rxn

When all substances are at unit activity, AG® = -nFE,,°
E..0: standard potential of the cell reaction

AS = -(0AG/dT), = nF(9E,,,/dT),
AH = AG + TAS = nF[T(0E,,/2T), — E, ]
RTInK,,, = -AG® = nFE,,,

AC, = (3AH/ET),

lllustration 2.3



Nernst equation: activity correction

Cell potential & concentration

Consider VvH, +v,0 — vgR + vH*
AG = AGY + RTIn(ag"Ra,,,"H*/a,"Ca,,"H?)

a: activity (a,, = ay, = 1), AG = -nFE, AGY = -nFE°

Nernst equation

E = E® - (RT/nF)In(ag"Ra,,"H*/a "Ca,,"H?) = E® + (RT/nF)In(ayv°/ag'R)

Exn = Erignt — Eer > O (spontaneous reaction)



Formal potential

Activity a = y[A], y: activity coefficient — unconvenient to use activity due
to unknown activity

E = E® - RT/nF In yg/ Yo — RT/nF In [R)/[O]
E = E® — RT/nF In [R])/[O]
E? : formal potential

- lonic strength — effect on activity coefficient — formal potential is
different from that in each medium — standard potential: from ionic
strength to extrapolate to zero ionic strength



Nernst equation (HIEAE &)

E obtained from the Nernst equation

00 + ne =rR (reduction)
pP =qQ + ne- (oxidation)
oO+pP=9qQ+rR E_, (cell reaction)

cel

q r
RTi a, ap
0, P
nF a, ap

E.., =E°—(

cell

a: activity
activity term: minor contribution to the cell voltage

activity (a) —» concentration (c); a = yc, vy; activity coefficient
a, = 1(solvent, pure solid, ideal solution)



Example : Zn/Zn?*(aq), Cu?*(aq)/Cu

uCell; Zn + Cu?* > Zn2* + Cu

* Right: Cu?*+2e-—- Cu E°=+0.34V
e Left: Zn2*+2e-—> Zn E°=-0.76 V

E_0=+0.34-(-0.76) = +1.10 V

cell

AGO = -2 x 1.10(V) x 96485 (JV-Imolt) = -212 kdmol-?

reaction —» spontaneous

E.., = E°= (RT/2F)In(a,,,./(ac,5.)

cell —

If we assume a,, ,,= acyp4 Eqy = 1.10V



Example:
MnO, + 4H* + 2e- > Mn** + 2H,O0  E°=+1.23V
E = E% + (RT/2F)In[(a,,")/ayn0s)s  8ynoz: 8o = UNItY
AG = -nFE

cf. RT/2F = [(8.314 JK-Imol1)(298 K)/2(96485 JV-Imol1)] = 0.01285 V

lllustration 2.4, 2.5



Cell: PbO,(s) + Pb(s) + 2H*(aq) + 2HSO, (aq) — 2PbSO,(s) + 2H,0())

From thermodynamics Table,
Standard Gibbs Energy (kJmol?): -813.76 (PbSO,(s)), -237.13 (H,O(l)), -218.96
(PbO,(s)), -755.91 (HSO,(aq)), cf) AGO for element (Pb(s)) and H*(aq) =0

* AG? = 2AG? (PbSO,(s)) + 2AG° (H,0(1)) — [AG® (PbO,(s)) + 2AG° (HSO, (aq))]
=-371 kdmol-1

=> AG? = -nFE®°
= E° = 371000(Jmol1)/[2 x 96485 (JV-imoll)] = 1.923 V

battery acid: 5.2 M

Ee = 1.923 V = (RT/2F)IN[ay00(@p1s (a0 225042y )]

cell

= 1.923 V —0.01285In [1/(5.2)2] = 2.008 V

*Calculate cell potential using the reaction below.
PbO, + Pb + 2S0O,* + 4H* — 2PbSO, + 2H,0
lllustration 2.6



Pourbaix diagrams

at 25°C, pH = -log,,a

2H* + 2e" = H,

E = E° - (RT/2F)In(1/a,,?)
=0+ (RT/F) In(a,)
= -(RT/F)(2.303pH)
=-0.0592pH

Water

\

POTENTIAL, E (V) VS. SHE

(1/2)0, + 2H* + 2e" = H,0

Hydrogen

-12 | |

E = E°- (RT/2F)In(1/a,.,?)
=1.229 + (RT/F) In(ay,) -16 TS TS, SRS S S S SN LS
=1.229 - (RT/F)(2.303pH) oH
=1.229 - 0.0592pH




Pourbaix diagram for Zn at 25°C

Zn%t + 2e-=Zn
E = E° - (RT/2F)In(1/a,,,.)
=-0.763 + (RT/2F) In(az5.)

[Zn?*] = 10° M — -0.94 V (line c)

Zn?* + 20H- = Zn(OH),

No electron transfer reaction (not
a function of potential)

— vertical line (line d)

— pH calculation using K,

— pH =8,74

Zn(OH), + 2H* + 2e- = Zn + 2H,0
E =-0.425 - (RT/F)(2.303pH)
(line e)

2.0 . : :
Zinc Pourbaix Diagram
RoomTemperature

1.5+
[_ b Water Stability Line

1.0 -

05+t T~ ]

Equilibrium potential, U(V)
S
f

0 2 4 6 8 10 12 14
pH

Figure 2.2 Simplified Pourbaix diagram for Zn.
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M3 MU= HXIO XIS B

Electrodes

Working electrode(WE): electrode of interest
Reference electrode(RE): second electrode, measure potential of WE with
respect to RE

Electrode potential E=E, ., —E

work ref

Reference electrodes

SHE (standard hydrogen electrode) or NHE(normal hydrogen electrode):
universally accepted standard
H*(aq, a=1) + e = 1/2H,(g, 10°Pa) E=0V
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A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, 2001.




-0
‘V vs. NHE)

-0.25 T

0 4+ 2H® +2—+H,

Possible
reduction
reactions

Ni2* + 2e - Ni

+0.15 + Sn** +2e —Sn?*

+0.77 +

(Pt)+@‘r

\

(a)

Fel* +¢— Fe?*

-0.41 T+

o 4+

Approximate potential
for zero current

L Zn?* + 2¢ = Zn

Cr3* +e—Cr?"*

l

2H" +2¢ —+H,

(Hg)

E°
(V vs. NHE)

(c)

Approximate potential

for zero current

Possible A @
oxidation

reactions

Approximate
potential for
zero current

Snt +2e+S

2+ T

]2¢2e4—-l —+4-

Fed* +e+« Fe?* +

0, + 4H" +4e «~ 2H,0 +

Ault +3e+~Au +

(b)

(Kinetically slow)

+0.54

+0.77

+1,23

+1.50

- Potential moved from
OCV toward more
negative potential:
reduced more positive E°
first

- Potential moved from
OCV toward more
positive potential:
oxidized more negative
EC first

- consider slow kinetics:
slow hydrogen evolution
in Hg — Cr®* reduction
first in Figure (c)

A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, 2001.



Reference electrode (RtZX X =2)

Electrode potential E = E E

work ~ —ref

Reference electrodes

SHE (standard hydrogen electrode) or NHE(normal hydrogen electrode):

universally accepted standard
H*(aq, a=1) + e = 1/2H,(g, 10°Pa) E=0V

SCE (saturated calomel electrode)
Hg,Cl,(s) + 2e-=2Hg + CI- E = 0.244 V vs. NHE

Ag/AgCl
AgCI(s) + e =Ag(s) + Cl(agq) E,,=0.199 V with saturated KCI

Non-Cl system: Hg/Hg,SO,/K,SO,
Nonaqueous system:
- quasireference electrode (QRE):
Ag or Pt wire in organic solvent (e.g., ferrocene/ferrocenium)
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Figure 2.4 Hydrogen reference electrode.
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Figure 2.5 Calomel electrode.
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Reference electrode (EXX3)

Potentials of reference electrodes
E(RHE) = E(NHE) + 0.05916pH
E(SCE) = E(NHE) — 0.2444
E(Ag/AgCl) = E(NHE) — 0.2223
E(Ag/AQCI, sat.KCI) = E(NHE) — 0.196
E(Hg/HgO 1M KOH) = E(NHE) — 0.1100 + 0.05946pH

E(Hg/Hg9,SO,) = E(NHE) — 0.6152 Vo N

Hg/igO, NaQHO. .1 A1)

HgliHg, SO, . H,SO, (Q.5 A1)
Hg/ Mg, SO, . K, SO, isat"d)

Hoa/Hg, T, . KCI{O.71 51}

Hg /Mg, Cl,, KCH{ 1 A¢) NCE
g/ g, Ci, KCii{sat'd} SCE
Hgirig, T, , NaClisat'd] SSCE
Ag/AgCTl, KCi{sar'd)

o

C.926 -

0.68 -
054

©0.3337 —
0. 2801 _
0.2412 |

-

.87

VWV »ws. SCE

—

- 0.68%

—

-~ 0O.40

i o o A il |

{

0.0000 |

L. —0.2912



E9Zn?*/Zn) —0.763 -1.00 3.7 -3.7

NHE 0 -0.242 4.5 —4.5

SCE 0.242 0 4.7 —4.7

EO(Fe® /Fe?") 0.77 0.53 5.3 -5.3
E vs. NHE E vs. SCE E vs. vacuum E- (Fermi energy)

(volts) (volts) (volts) (eV)

lllustration 2.7



Potential vs. energy (vs. vacuum)

Electrode
Potential/V Energy/eV
-4.44 V 0, vacuum (electron at rest)
—-1
3 4
|5 Energy
D -
--3
-1 4
- -4
NHE, 0 -4.44
- -5
Standard oxygen -
electrode, +1.23 .y -5.67




Example: Potential vs. energy (vs. vacuum)

-2

71201l E X2 HOMO, LUMOE S &0t B Al Jis

TiO, (rutile) TiO, (anatase)

S "R
l
3.2V
2.7eV
sTio, —1
WO,

H'M,
0/HO,*

0,/H,0
HO/OH"



