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How much work?

© Generalized
Energy Balance

© Entropy Balance
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L Half-reaction

31 Ny(g) + H* + e~ = HNy(aq)
m._++w|m Li(s)

Cs++e—2* Cs(s)

Rb++e—22 Rb(s)
K++e—22K(s)
Ba2++2e— 2 Ba(s)

Sr2++2e- 2 Sifs)

Ca2++2e—2* Cals)

Eu2++2e- 2 Euls)

Ra2++2e— 2 Ra(s)

Na++e— 2 Na(s)
La3++3e-221a(s)
Y3++3e-2Y(s)

Mg2+ +2e— 2 Mg(s]

ZrO(OH),(s ) +H,0 +4e” 2 Zr(s) +40H"
Al{OH);” +3e™ 2 Al(s) +40H~
Al(OH)s(s) +3e™ = Al(s) + 30H™
H2(g) +2e- 22 2H-
Ac3++3e- 2 Adls)
Be2++2e- 2 Be(s)
Ua++3e-22Ufs)
Al3t++3e- 2 Alls)
Ti2t++2e-22Ti(s)

ZrO2(s) +4H++4e- 2 Zr(s) + 2H20

Zrat +4e- 2 Zr(s)

Ti” +3e” 2Ti(s)
Mn2+ +2e- 2 Mn(s)
Te(s) +2e- 2 Te2~
V2++2e- 2 V(s)
Nb3++3e- 2 Nb(s)

TiO™ +2H' +4e” 2 Ti(s) +H,0
Bi(s) +3H" +3e” 2 BiH,

Zn2++2e— 2 Zn(Hg]

-3.09 -3.09
-3.0401-3.0401
-3.04-3.04
-3.026-3.026
-2.98-2.98
-2.931-2.931
-2.912-2.912
-2.90-2.90
-2.899-2.899
-2.868-2.868
-2.812-2.812
-2.8-2.8
27127
-2.379-2.379
-2.372-2.372
-2.372-2.372
-2.36-2.36
-2.33-2.33
-231-231
-2.25-2.25
-2.20-2.20
-1.85-1.85
-1.66-1.66
-1.66-1.66
-1.63-1.63
-1.553-1.553
-1.45-1.45
-1.31-1.31
-1.23-1.23
121-121
-1.185-1.185
-1.143-1.143
-1.13-1.13
-1.099-1.099
-1.07-1.07
-0.91-0.91
-0.89-0.89
-0.86-0.86
-0.8-0.8
-0.8277-0.8277
-0.7628-0.7628

L] Half-reaction

Zn2++2e- 2 Zn(s)
Ta,04(s) +10H" +10e™ 2 2Ta(s) + 5H,0
Cr3++3e-2 Crfs)

Ta* +3e” 2 Ta(s)

PbO(s) +H,0 +2e™ 22 Pb(s) +20H™
Ti2TiO,(s) +2H" + 2™ 2 Ti,04(s) +H,0
Ga3++3e- 2 Ga(s)

UTre 2 U7

P H,P0,(ag) +H" + e~ 2 P(white®) + 2H,0
PH,PO,(ag) +2H" + 2e” 2 H,PO,(ag) +H,0
P H,PO,(ag) +3H' +3e” 2 P(red)"™ +3H,0
Fe2++2e- 2 Fe(s)

C2C0,(g) +2H" +2e” = HOOCCOOH(ag)
(o gt T-2¢-1o o

Cd2++2e- 22 Cd(s)

PbSO,(s) +2e” 2 Pb(s) +50,
PbSO,(s) +2e = Pb{Hg) + 50,
Eu3++e— 2 Eu2+

In3++3e-22 In(s)
Tit+e-2Tis)

Ge(s) +4H++4e- 2 GeH4|

Co2++2e- 2 Co(s)

Ni2++2e~ 22 Nifs)

As(s) +3H" +3e” 2 AsHa(g)
MoO2(s) +4H+ +4e— 2 Mo(s) + 2H20
Si(s) +4H+ +4e— 2 SiH4(g)

sn** +2e~22n(s)

02(g) +H++e- 2 HO2e(aq)
Pb2++2e- 2 Pbs)

WO,(s) +4H" +4e™ 2 W(s) + 2H,0
Pred) +3H" +3e” 2 PHy(g)
CCO,(g) +2H" +2e” 2 HCOOH(aq)
Se(s) +2H++2e— 2 H2Se(g)
CC0,{g) +2H" +2e” 2 CO(g) +H,0

P(white) + 3H" +3e” = PH,(g)
CHCOOH(aqg) + 2H++ 2e~ & HCHO(aqg) + H20

)

-0.7618 -0.7618
-0.75-0.75

-0.74-0.74
-0.60-0.60

0.6-0.6
-0.58-0.58
-0.56-0.56
-0.53-0.53
-0.52-0.52
-0.508-0.508
-0.499-0.499
-0.454-0.454
-0.44-0.44
-0.43-043
-0.42-0.42
-0.40-0.40
-0.37-0.37
-0.360-0.360
-0.3588-0.3588
-0.3505 ~0.3505
-0.35-0.35
-0.34-0.34
-0.34-0.34
-0.29-0.29
-0.28-0.28
-0.276-0.276
-0.26-0.26
-0.25-0.25
-0.23-0.23
0.15-015
-0.14-0.14
-0.13-013
-0.13-013
0.13-0.13
-0.12-012
-0.111-0.111
0.11-0.11
-0.11-0.11
-011-0.11
-0.10-0.10
-0.09-0.09
-0.09-0.09
-0.063-0.063
-0.03-0.03

by Half-reaction

H2H' +2e” 2 Hy{g)

S,05 +2e” 2 25,0,

Ge*" +4e” 2 Ge(s)

C(s) +4H" +4e” 2 CH,(g)
CHCHO(ag) +2H" +2e” 2 CH,OH(ag)
S(s) +2H++2e- 22 H2S(g)

sn*" +2e"2sn”

Cu2t+e-2 Cut

SHSO, +3H" +2e” 2 50,(aq) +2H,0
U022+ +e- 22 UO2+

S50, +4H" +2e” 2 50,(aq) + 2H,0
TIO™ +2H +e” 2 Ti* +H,0

Bi” +2e” 2 Bi"

SbO* +2H" +3e” 2 Sb(s) +H,0
AsH,AsO,(ag) +3H' +3e” 2 As(s) +3H,0
GeO(s) +2H" +2e” 2 Ge(s) +H,0

UO," +4H' +e” 2 U™ +2H,0

Re™ +3e” 2Re(s)

Bi** +3e” 2 Bi(s)

VO™ +2H" +e 2 V¥ +H,0

Cu“" +2e” 2 Cu(s)

Fe [Fe{CN).]* +e~ 2 [Fe(CN)]*

0,(g) +2H,0 +4e” 2 40H (ag)

Mo H;M0O, +6H" +3e™ 2 Mo™ + 2H,0
Bi* +e” 2 Bi(s)

CCH,OH{ag) +2H" +2e™ 2 CH,(g) +H,0
$50,(ag) +4H" +4e™ 2 S(s) + 2H,0
Cu™+e” 2Cu(s)

+2H++2e— 2 C(s) +H20

12(s) +2e-22 21—

Iy +2e” 2310

Au[Aul]" +3e” 2 Au(s) +4I
AsH,AsO,(ag) +2H" +2e” 22 H,AsO,(ag) +
Au[Aul ] +e” 2 Au(s) +21I°

MnO;” +2H,0 +3e~ 2 MnO,(s) +40H™
5,0, +6H' +4e™ 22 25(s) +3H,0

Mo H,M00,(ag) + 2H" + 2e™ 2 MoO,(s) +

+0.43
+0.50
+0.50
+0.50
+0.520
+0.52

+0.53
+0.56
+0.56
+0.58
+0.59
+0.60
+0.65

by Half-reaction

0,(g) +2H' +2e” 2 H,0,(ag)

T +3e"2TI(s)

PtCl +2e” 2 PtCl 2 +2C

Se H,Se0,(aq) +4H" +4e” 2 Se(s) +3H,0
PtCl,* +2e” 2 Pt(s) +4CI”

Fe™ +e” 2 Fe”

Agt+e-22 Ag(s)

Hg22+ +2e— 2 2Hg(l|

MnO, +H'+e” 2 HMnO,”

Hg 2Hg** +2e™ 2 Hg,™*

Pd2++2e- 22 Pd(s)

Au[AuCl]™ +3e™ 2 Au(s) +4cCl”
MnO,(s) +4H" +e™2 Mn™ +2H,0
Au[AuBr,]" +e” 2 Au(s) +2Br”

Bry(/) +2e”~ 2 281"

Bry{aq) +2e” 2 2Br”

Au [AuCl,]” +e” 2 Au(s) +2CI”
Ag0(s) +2H" +2e” 2 2Ag(s) +H,0
Clo,™ +2H" +e” 2 Cl0,(g) +H,0
Pt2++2e- 2 Pt(s)

ClOy(g) +H" +e” 2 HCIO,{ag)

1210, +12H" +10e” 2 I{s ) + 6H,0
Clo;” +2H" +2e” 2 ClO,” +H,0

0,(g) +4H" +4e” 2 2H,0

MnO,(s) +4H" +2e™ 2 Mn™* +2H,0
T +2e” 2T

Cly(g) +2e” 2 2C

Cr,0,” +14H" +6e™ 2 2Cr™ +7H,0
C00,(s) +4H" + ™ 2 Co™ +2H,0

N 2NH,OH' +H' +2e™ 2 N;H,' +2H,0
12HIO{ag) +2H" +2e” 2 I,{s) + 2H,0
ce*+e = ce®

BrO,” +5H" +4e” 2 HBro{ag ) + 2H,0
PbO a-PbO,(s) +4H" +2e” 2 Pb* +2H,0
Br2BrO,” +12H" +10e” 2 Br,(/) + 6H,0
C12C10,” +12H" +10e”™ 2 Cly(g) + 6H,0
MnO, +8H' +5e~ 2 Mn** +4H,0
OHO," +H" +e” 2 H,0,(ag)

AuT +3e” 2 Au(s)

NIO,(s) +4H" +2e™ 2 Ni** +20H™
Ag,04(s) +6H +4e™ 2 2Ag" +3H,0
CIHCIO,(ag) + 2H" + 2~ 2 HCIO{ag) + H,0
Pb* +2e” 2 Pb*"

MnO,;” +4H' +3e” 2 MnO,{s) +2H,0

by

+0.70
+0.72

+0.726
+0.74

+0.758
+0.77
+0.7996
+0.80
+0.90
+0.91
+0.915
+0.93
+0.95

+1.066
+1.0873
+1.15
+1.17
+1.18
+1.188
+1.19
+1.20
+1.20
+1.23
+1.23
+1.25
+1.36
+1.33
+1.42
+1.42
+1.44
+1.44
+1.45
+1.468
+1.48
+1.49
+1.51
+1.51
+1.52
+1.59
+1.67
+1.67
+1.69
+1.70
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= Equilibrium ﬁﬁ:, cabon 1
wa.na el &mﬁﬁ&mv Electrons {e-)
. S, i - {cathode
<oO +he < <_N_N : Kiyiisinl
e g
L separtor il

Implies no net reaction \ Carbon and
o - dioxide mixture
How much current is that? L[5 2l e H_ o
electrode ectrons (e
Is that useful? H_ s

Electrons {e-) —»

- What if we want to power a device?
Provide Electrochemical driving force
Electrode potentials deviate from Nernst
potential, E,
- There will be a i-V relationship characteristic
to cell design 5



What fundamental processes influence the 1-V
relationship in an electrochemical cell?
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Kinetics

Chemical Kinetics

Rate expression
Free energy change vs. reaction coordinate

Spring 2017

= Electrochemical Kinetics
Analogy with chemical kinetics

Chemical Engineering Junior Lab (CHEG 3128)

bl Effect of surface potential

Current-Overpotential Equation
= Butler-Volmer Kinetics
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Simple, 15t Order Reaction
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_Aﬂ
A¢>B ﬁ
Ko i
L ﬂn_. = :“ |q.U = —A.ﬂ0> |—AUOU W
k; = @%”%g
\Ac =exp I\.Nm*gu_ 7 Reaction Coordinate
L= —E
e =ks expl —L |C, —ky, ex b IC
T f Uﬁ_ﬂ;\y b GTN._.Q_O

= At Equilibrium, ry=0

_A._"O> = —AUOU = Vg
v, is the exchange velocity
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Electrochemical Kinetics

Chemical Engineering Junior Lab (CHEG 3128)
Spring 2017

© O+ne” ©R

=Kk; mx%%#o? =0) -k mxnﬁ

-E,
RT

_
[
T 7 hFA

gOmAx =0)

" Three cases:

E=E,,, i=0
E>E,, , i=?
E<E,, , i=7

“How does the electrode potential affect
the surface free energy?

\lu.?&z&,_ o Mjb@/\ |
7 ' hew oV N

10
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! K¢ mxvﬁlgoix =0)-ky mxbﬁ

Gibbs Free Energy

" Reaction Coordinate

~E; -E,

RT

T;x -0)=0
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Results: E> E,,

E's > E;

8 E'y <E,

i _E. ~E,
=k.ex fIC,(x=0)=k,. exp| —2 [C.(x=0
TA £ €XP RT Al )—k, exp RT b ( )

Chemical Engineering Junior Lab (CHEG 3128)
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© Oxidation (anode)
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Gibbs Free Energy

%uf exp

|

Im*

RT

Reaction Coordinate

Tix =0)-k, mxvﬁ

~[E
RT

TUQ -0)=0
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Adan, relafive © SV (ace
Gibbs Free Energy
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Results: E <E,,

muu.—.. A m.q

m:U V mU

1 B = ) _E.
—k.ex fIC, (x=0)=k,. exp| —2 |C.(x =0
TA £ €XP RT N )—ky exp RT b ( )

Chemical Engineering Junior Lab (CHEG 3128)
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© Reduction (cathode)



What does this mean for a real
device?

Chemical Engineering Junior Lab (CHEG 3128)
| Spring 2017

We have our thermodynamic limitation,
which give the maximum attainable cell
voltage | \ﬁ
<._.:mq30ummno..mmnm
At cathode: E <E_,
At anode: E > E, ey

Y

cell = <5m36
For a “galvanic device 4
W/

17
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How are E.and E;” Related?

© How large is the overall energy shift?
Dmmclmom N _HAmnmmnv

= How is that shared relative to reduction and
oxidation?

E; =E, +aF(E -Eoq)

E, =E, —(1-aF[E-Ey)
- o = transfer coefficient (RXN & system) specific
O<a<1
Perfectly reversible: a = 0.5
Typical values: 0.3 <a <0.7



How does this impact expressions for the
forward and reverse reactions?

~-E, —aF
=k,e / lexpl ——E-E. )|C (x=0
N\.\ S Nﬁﬁ NNJH— MU—H %NJ A mmvu_ QA v

r, =k, oﬁuﬁl E, H_Q%ﬁg Am =k Lﬁx (x=0)

Chemical Engineering Junior Lab (CHEG 3128)
Spring 2017

RT RT
i -E, —aF g
= =k, ex exp| —\E—-F, )|IC (x=0)—
N\.ﬂ SNH\A f HV—H %NJH— Hu—“ NNNJ A mmv QA v
—E, (1-a)F
N k, exp| —= |exp| ———(E—-E_)|C.(x=0
b HV_H %NJH_ ﬁ—H RT A m&vu— wA v

© Remember k; & k;, are linked by AG
We can combine those into a single k'.....

19



Current-Potential Equation

.... and find a common exchange velocity, i,

called the “exchange current’
i =nFAk C;°C;

' Final Rate Equation:

] = N.Qﬁox% UMW Am -E, L = AM*H i @%ﬁ_ MNWV s Am =i - L & M*n Sw

o

Chemical Engineering Junior Lab (CHEG 3128)
Spring 2017

m = With no Mass Transfer Effects (C = C’):

i=i, ﬁ@%ﬁr&m (E-E, L - ox% -a)F (E-E, % 2

RT RT
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Chemical Engineering Junior Lab (CHEG 3128)

Example: PEM Polarization Curve

Spring 2017
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Extra Resources

Chemical Engineering Junior Lab (CHEG 3128)
Spring 2017

* “Electrochemical Methods: Fundamentals
and Applications”, 2nd Edition. Allen J. Bard
and Larry R. Faulkner.



