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Electrochemical Kinetics

UDefinition
“...a field of electrochemistry studying the rate of electrochemical processes.”
(Wikipedia)

“The main goal of the electrochemical kinetics is to find a relationship between the
electrode overpotential and current density ..." (S. N. Lvov)

Rate - represented by current (density) for electrochemical reactions

UContents
= Cell potential, voltage loss, and overpotential ()

» Charge transfer overpotential & Butler-Volmer equation
« Tafel relationship
* Linear approximation

= Mass transfer limitation
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Cell Potential for Galvanic & Electrolytic Cells

Galvanic cell (GC)
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Cell (External) Potential vs.

Current Relationship
- I

Actual cell (external) potential E_is related to equilibrium cell potential E,, and the
current passing through the cell

If cell internal resistance R, a constant (an oversimplification) - linear relationship

int
Cell potential £ vs. Current /
r'y
E

E =Eeq+|1|'Rint

app

Electrolytic cell Galvanic cell I
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Cell (External) Potential - Current Example (1)
© I —

j-V for a reversible solid oxide fuel cell (SOFC, a galvanic cell, j > 0)/solid

oxide electrolysis cell (SOEC, an electrolytic cell, j <0) in both modes
Hydrogen production / L h™

20 1.5 1.0 0.5 0.0
18 1 L 1 . l L | .
. SOEC SOFC

Cell voltage / V

0.8

d —m—750°C
06 —0—800°C N
- —a—850°C N o
0.4 - .\l
H,0/H,=0.9:1
02 I ' | ! I ! ! |
-1.5 -1.0 -0.5 0.0 0.5
Current density 1A Cm'2 Chauveau, J Power Sourcesv195 (2010) W 75%1
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Cell (External) Potential - Current Example (2)

j-V for a reversible solid oxide fuel cell (SOFC, a galvanic cell, j > 0)/solid
oxide electrolysis cell (SOEC, an electrolytic cell, j <0) in both modes

" g 800°C
H,O:H, = 70:30
E ) B
S | Ni-GDC/GDC/YSZ/LSM-YSZ -
- 5 _’
E Ni-GDCIYSZILSM-YSZ _«
m v .
Ni-GDC/GDC/LSM-YSZ
o
r SOEC SOFC ’I
T T T T
04 03 02 -01 0 0.1 0.2 0.3

: 2
Current Applied Physics (2011), 11(1), p.5223 Current denSIty (A cm )
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Voltage Loss from Equilibrium Cell Potential

in an Electrochemical Cell
L —
L Difference between cell equilibrium potential E,, and actual cell

(external) potential E__, is due to cell internal resistance R;,;

If current takes absolute value:
Galvanic cell (GC)
AEgc = Eeq — Eco11 = IR = Nelectrodes T IR
IR, voltage loss due to ohmic resistance (mostly in electrolyte)
Nelectrodes voltage loss or overpotential due to electrode processes

E..<E., - less energy is converted to outside electrical work (i.e., E Q) than
predicted under equilibrium condition, i.e., Equ

Electrolytic cell (EC)
AEgc = EApp — Eeq = IRt = Nelectrodes T IR
E.n>Eeq > electrical energy provided E 0 is higher than what is actually stored
as chemical energy, E, O
" TNelectrodes ITOM both anode & cathode MNeiectrodes = Man| + Mecarl

" R;,; often not constant and 1 j.ctrodes Often non-linear with 7

= Overpotential for an individual electrode (reaction) cannot be separated without
using a third electrode or reference electrode

Electrochemical Engineering Zhe Cheng 3 Electrochemical Kinetics 7



Overpotential »

O Definition
Difference between actual potential (e.g., measured) E and the equilibrium potential

E., for an electrode (or redox or half cell) reaction:
n = E(Ox/Red) — E.;(Ox/Red)

» For situation when i # 0 or electrode (half cell) reaction is NOT at equilibrium
= Changes with current density & direction

O Significance

Vv
w4
E(Ox/Red) > E.,(Ox/Red), 1> 0

Anodic polarization (or bias) == Red - Ox + ne-

E.q(Ox/Red) == Ox+ ne < Red

E(Ox/Red) < E.,(Ox/Red), 1 <0

Cathodic polarization (or bias) Ox + ne” 2> Red

U Often takes absolute value with note about nature (anodic or cathcidic;
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Contributions to Overpotential for
a Single Electrode (Reaction)

L Charge transfer overpotential n;
Voltage loss associated with charge (or electron) transfer for an electrode (half-cell)
reaction, usually across the electrode/electrolyte interface

(Mass transfer overpotential n,,,;
Voltage loss related to delivering of
reactants to or removing of products
from the electrode/electrolyte
interface, significant at high current
(density)

dOthers
= Adsorption/desorption
» Chemical reactions (away from

electrode interface)

U Total overpotential for a single
electrode (either anode or cathode)
_reactlon is sum of contributions Possible processes in an electrochemical electrode
from charge transfer, mass (or half cell) reaction
transfer, and, maybe, other effects:

[
Diftusion layer -

|
|
[
|

- Adsorption Chemical “'_‘I_

* desorption reactions |
1
Mass

=]
=2
E
=

o L translfcr

e transfer

Bulk solution

|
|
- Charger :
|
|

I
v Mass

R4 transfer

-~ Adsorption Chemical -—JI— Ry
L

E—— desorption reactions _1_""|
|
|
[

N = Nee + Nme T Nothers S. Lvov, CRC Press (2015). ISBN: 978-1-4665-8285-9
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Polarization Curve for Electrode Reaction
& an Example

= Plot of current density j vs electrode overpotential 1 is called polarization curve
= Often nonlinear

0.05 -
—~ 0.04
§ n>0
;:EJ 0.03 - E(Cu?*/Cu*) more positive than E, (Cu?*/Cu*)
— Anodic polarization - oxidation
0.02 -
2 -
CU” (aq) > CUT (o) + ©
0.01 -
n (V)
J I U " | I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
~001"

n<0
E(Cu?*/Cu*) more negative than E, (Cu?*/Cu*) —0.02-
Cathodic polarization - reduction

2 -
Cu o t €2 CU™ 5

—0.03 4
(aq)

—(.04 -

Polarization curve of for Cu?*(aq, 0.1 mol/kg) / Cu*(aq, 0.1 mol/kg) electrode (redox or half cell) reaction at 25°C

1 atm with HCI (aq) supporting electrolyte of 8 mol/kg S. Lvov, CRC Press (2015). ISBN: 978-1-4665-8285-5
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Butler-Volmer Equation without
Mass Transport Limitation

For a one-step electrode (half cell) reaction without mass transport limitation
Ox + ne” < Red

Butler-Volmer equation describes net current density j as a function of total
overpotential for that electrode (half cell) reaction n = E(Ox/Red) — E,,(0Ox/Red)

. { (1—ﬁ)nFn] ( BnFn>}
j=Jatjc=Joyexp —exp| —

RT RT
Ja Anodic (oxidation) current density, in A/cm?
Je Cathodic (reduction) current density, in A/cm?
Jo Exchange current density, in A/cm?
S Symmetry factor, unitless
R Gas constant 8.314 J/(mol-K)
T Absolute temperature, K
Notes:

0 Assuming uniform concentration for all active species:
« Extensively stirring and/or keep current relatively low
O Sign convention

« Forn & j: Anodic (oxidation) as positive (+); Cathodic (reduction) as negative (-)
Electrochemical Engineering Zhe Cheng
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Butler-Volmer Equation - Anodic Bias

For a one-step electrode (half cell) reaction:
Ox + ne~ < Red

Butler-Volmer equation describes net current density j as a function of total
overpotential for that electrode (half cell) reaction n = E(Ox/Red) — E.,(0x/Red)

S (1—pB)nFn pnFn
J=Ja+tJjc=Jo)exp T —exp| — %

Anodic polarization or bias:

n = E(Ox/Red) — E¢q(Ox/Red) > 0

Ratio of anodic (oxidation) to cathodic (reduction) current absolute value:
(1- )nF
ja _ EXp[

el

[(1 — B)nFn ﬁnFn] ~ exp (nFn>

,BnFn RT RT

eXx
p( > 1

Net current density j > 0
Electrode (half cell) reaction proceeds along anodic/oxidation direction
Red - Ox + ne”
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Butler-Volmer Equation - Cathodic Bias

For a one-step electrode (half cell) reaction:
Ox + ne~ < Red

Butler-Volmer equation describes net current density j as a function of total
overpotential for that electrode (half cell) reaction n = E(Ox/Red) — E.,(0x/Red)

S (1—B)nFn pnkn
J =Ja+tjc=Jojexp T —exp| -

Cathodic polarization or bias:

n = E(Ox/Red) — E,;(0Ox/Red) < 0

Ratio of anodic (oxidation) to cathodic (reduction) current absolute value:

(1 - p)nFn
ja exp RT _ ox (1 —B)nFn N pnFn] o nFn
el BnFn\ ¥ RT RT | ~ P\ RT
Je exp | —
RT <1

Net current density j < 0
Electrode (half cell) reaction proceeds along cathodic/reduction direction
Ox + ne” = Red
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Butler-Volmer Equation at Equilibrium

For a one-step electrode (half cell) reaction:
Ox + ne~ < Red

Butler-Volmer equation describes change of net current density j, as a function of
overpotential, n = E(Ox/Red) — E,,(0Ox/Red)

P (1—pB)nFn pnkn
J=Ja+tJjc=Jo)exp BT —exp| -

n = E(Ox/Red) — E,q(Ox/Red) = 0
(1 - B)nFn
RT

At equilibrium,

Anodic (oxidation) current density  jo = joexp ] =Jjo >0

pnFn
RT

Cathodic (reduction) current density j. = —j,exp <— ) = —j, <0

Net currentdensity j=j,+j.=0

- No net reaction i.e., reaction at equilibrium
- No change in (local) concentration of different (active) species
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From Butler Volmer Equation to
Polarization Curve

_ 0.20
= At eqw'llbrlum j, = 0.05 Afcm?
n=0j=0 £=0.5 0.15
ja =Jo T=298.15 K
je =—jo n=1 0.10
J=JatJjc=0

.
°®

.

o®

o®
Xl
X
'x)
ee®
eo e
ooooooooo
ecoo
000000
oooooooo

N

S (1—pB)nFn pnFn
J=Jat]jc=Jo)€XP RT —exp\ — RT

J (A/em?)
anodic (oxidation) j, .-/

overallj=j +j.

*"1n>0,j>0 :
Anodic/oxidation -0.08

" <0, <0

Cathodic/reduction
-0.15

/4 {athodic (reduction) .
- -0.20
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Exchange Current Density j,

L (1—-pB)nFn pnkEn
J =Ja*tJjc=Jo)eXp BT —exp| —

Larger j, > p=0.5
9T Jo T=298.15 K
at the same n, n=1

much higher

—> intrinsically faster

reaction (both ways)

0.15

0.10

0.05
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< j (A/cm?)

Jo=0.5A/cm?

Jo=0.05A/cm?

jo=0.005 Afecm? ...

........ P 1 1

-0.15

0.02 0.04 0.06 0.08
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Symmetry Factor

S, (1 - B)nFn pnkn
J =JatJc=J]o)EXp RT —exp| — RT

S is an indicator of

0.20 1 2

1 J (Afem?)

symmetry of the jo = 0.05 Afcm?

polarization curve, T =298.15 K 0.15 ~

ranges from 0 to 1 n=1 p= 0'2.:' - 0.5

0.10

= £=0.5
Symmetrical 0.05 p=08

= <05 8:00 ”y)
anodic (oxidation) -0.08  -0.06 2 0 0.02 0.04 0.06 0.08

direction “easier’”

°o®
..
°®
°®
°®
00®
00 ®
o0 ?®
....
°
o0 ?®
o0 ®
, @

= >0.5 -0.10

cathodic (reduction)
direction “easier” .0.15
-0.20
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Experimental Data on /5 and j, and Notes

= Exchange current density
& symmetry factor data
limited due to experimental
difficulties & insufficient
studies

Different electrode/half cell
reactions have different j,
- Fe%/Fe?*

~ K3Fe(CN)y/K,Fe(CN)g

- H*, O,/H,0

= The same electrode/half

cell reaction may have
different j, values,
depending on catalyst or
(inert) electrode material
- H*/H, on Hg

- H*/H, on Pt

Electrochemical Engineering

Experimental Values of Exchange Current Density, Standard Exchange
Current Density and Symmetry Coefficient
S. Lvov, CRC Press (2015). ISBN: 978-1-4665-8285-9

Electrode and
Concentration of Aqueous
Aqueous Species Electrolyte t(°C) Electrode j,(Acm™2) I (A cm™) p
Fe*/Fe™ (0.005 mol/L) 1 mol/L 25 Pt 2x 107 4x 10! 0.42
H.S0,
K;Fe(CN)J/K Fe(CN), 0.5 mol/L 25 Pt %107 5 0.51
(0.02 mol/L) K.SO,
Ag*/Ag (0.001 mol/L) 1 mol/L 25 Ag 1.5 x 10! 13.4 0.35
HCIO,
Cd*/Cd (0.01 mol/L) 0.4 mol/L. 25 Cd 1.5 x 10-3 1.9 x 10-2 0.45
K,SO,
Cd*/Cd(Hg) (0.0014 0.5 mol/L 25 Cd(Hg) 25% 1072 4.8 0.2
mol/L) Na,S0,
Zn*/Zn(Hg) (0.02 1 mol/L 25 Zn(Hg) 55x 107 0.10 0.25
mol/L) HClO,
Ti*/Ti*(0.001 mol/L) 1 mol/L 0 Pt 9x 10 0.9 0.45
C,H,0,
H,0/H,, OH- 1 mol/L KOH 25 Pt 10-3 1073 0.5
H*/H, 1 mol/L 25 Hg 1012 1012 0.5
H,S0,
H*/H, 1 mol/L 25 Pt 10-3 10-* 0.5
H,S0,
H,0/0,, OH- 1 mol/L. KOH 25 Pt 10-° 100 _na
H*, 0O/H,0O 1 mol/L 25 Pt 10-® 105 &75
H.SO,
b I
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Butler-Volmer Equation Near Equilibrium
B
A—pmFn) (BT
RT P\™"&rT
At very small overpotential (Jn| < 10 mV), exponents in the B-V equation are small:

e.g.,f=05n=1,T=298.15K

(1-pB)nFn pnFn  0.5x1x96485C/mol x 0.01V

RT ~ RT 8.314]
(mol - K) 298.15K

Consider e* ~ 1 + x when x - 0 9195 = 1215~ 1+ 0.195

(1-B)nFn L ,BnFn (1—B)nFn ﬂnFn . nFy
RT RT | ° RT

For B-V equation: J = Jo {exp

= 0.195

We have J = jo |1+
Current density linearly proportional to overpotential under very small bias (< 10 mV)

Define charge transfer resistance R, = ﬁ — —— away of determining j, - under

J NnFj, verysmall bias
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Tatel Equation (1)

1— B)nF F
For B-V equation: j = j, {eXp [( RﬁT)n n] e <_ ﬁZTn>}

When n > 0, large anodic polarization (still no mass transport limitation):

(1—p)nFn = (1—pB)nFn

o (1 —-B)nFn s — Cni +1ni
]zjoexp[ o m Inj=Inj,+ BT BT nj, +1nj
B RT T RT o
A —pnF| Vo™ @ =pomF|™
When n « 0, large cathodic polarization (still no mass transport limitation):
pn pnFn . .
|J|~Joexp(—— = In|j| = 1n10—ﬁ—n = —— = ~Inj, +Inj|

B RT | RT l
—Nn = - <ﬁnF> nj, + <ﬁ F) n|jl
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Tatel Equation (2)

B-V equation: NP B € ey 0L ) N IO
J = Jo\EXP RT p RT

n<Ko

n>0

_ RT Ini RT _ B RT RT
B [(1 — ﬂ)nF] Mo ¥ [(1 — ,B)nF] my = (ﬁnF) Injo + (ﬁ F) In|j|

- Anodic overpotential (bias)

Tafel equation — general form

= . | = . 1 - — l ' =
i =a+b-Injjl =a+b'-logyljly @ [(1—ﬁ>nF] Wo b [(1—ﬁ>nF]

L Cathodic overpotential (bias)

B (RT>1 _(RT
a=~\Bnr ) Wo b‘(ﬁﬁ)

= Fitting of experimental n - j data yields Tafel intercept a and slope b (or 5’ = 2.303b),

which allows estimation of j, and g
= Applicable when # > ~100 mV
= NOT applicable near equilibrium or [j| = 0

Electrochemical Engineering Zhe Cheng 3 Electrochemical Kinetics
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Deviation of Tafel from Butler-Volmer

Assuming NO mass transport limitation
Jo=0.05A/cm?

£ =0.5
T=298.15 K
n=1

n =100 mV,
Jpy =0.343 A/cm?

T
0.30 ¢ i (V)

0.25 |

0.20

l b= RT
Store b= [ g
0.15

jTafeI =0.350 A/Cm2 \ l RT l
~90 n intercept a = — |-————=|Inj,
2% error o (1 — B)nFn BnFy (1—p)nF
J = Jo | P TRy “P\" R I Tafel
.. [@—=pB)nFn
n=60mV, Butler-Volmer j =~ Joexp |~
Jav =0.145 A/cm? 0.05 RT _1 , R,
Jate = 0.161 A/cm? " _[(1 = pynF) o [(1 —pmF| "
~11% error In j
Y 1 I. 1 1 0.0G 1 1 _%,
-6 -5 -4 lnjoﬂ-S -2 -1 0 1 2 2
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Measurement of Overpotential for
an Electrode (half cell) Reaction

» Qverpotential for an electrode (reaction) of
interest that is passing a current (working
electrode, WE) cannot be measured with °
respect to the other current-carrying electrode
reaction (counter electrode, CE) in an

electrochemical cell. | TS
—> A third electrode (reaction) must be \<Lﬂ E
introduced as the reference electrode (RE) |

= Measure potential difference for WE vs. RE
under equilibrium (j = 0) and with different WE CE
current density j,

then the “overpotential” for WE U NrE ~ ()
nwg = [E (WE) — E (RE)] — [E¢q (WE) — Eo(RE)] Jj

nwe = E (WE) — E., (WE)
could be obtained as a function of ; @
= To avoid overpotential contribution from RE, no
significant current must pass through RE, which
is achieved with a high impedance voltmeter

\/
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Example of Data Fitting to B-V Equation (1)

Data below were taken for a NiOOH electrode reaction involving a single electron. Fit
the data to obtain kinetic parameters in the Butler-Volmer equation.

Overpotential (V) j(A/mz)
-0.10 -4.20
-0.09 -3.36
-0.08 -2.40
-0.07 -2.30
-0.06 -1.80
-0.05 -1.25
-0.04 -1.00
-0.03 -0.80
-0.02 -0.50
-0.01 -0.22
0.01 0.24
0.02 0.45
0.03 0.80
0.04 1.00
0.05 1.45
0.06 1.80
0.07 2.10
0.08 2.80
0.09 3.50
0.10 4.10

Electrochemical Engineering

Enter the data into MS Excel

AutoSave B =

EGN5305_Electrchemical Engineering_(

File m Insert Draw Page Layout Formulas Data Review

A cut

[@®copy ~

Clipboard Font Alignment
SUM = X & f || =H10-110

F G H | J K
5 Fuller p. 52 example on fitting of B-V equation | — Initial guessed Values forjo and ﬂ
6 B 0.500
7 jo 0.050
8 1-B 0.500 .
Overpotential j{A/m2) |Calculated i| Error — Ca IC u Iated fro m B-V eq u at I O n
(V) from BV /
9
10 -0.10]  -4.20 -0.343| =H10H10 o
" sl and o~ Error =j— Calculated from B-V
12 -0.08 -2.40 -0.227 -2.17
13 -0.07 -2.30 -0.182 -2.12
14 -0.06 -1.80 -0.145] -1.65
15 -0.05 S1t25 -0.113 -1.14
16 -0.04 -1.00 -0.084| -0.91
17 -0.03 -0.80 -0.062 -0.74
18 -0.02 -0.50 -0.040; -0.46
19 -0.01 -0.22 -0.020) -0.20
20 0.01 0.24 0.020] 0.22
21 0.02 0.45 0.040; 0.41
22 0.03 0.80| 0.062 0.74
23 0.04 1.00 0.086| 0.91
24 0.05 1.45 0.113] 1.34
25 0.06 1.80 0.145 1.65
26 0.07 2.10| 0.182 1.92
27 0.08 2.80 0.227 2.57
28 0.09 3.50] 0.280; 3.22
29 010 410 034 3.76
Sum of
- | = SUMSQ(J10:29)
30 80.144 squared U M ‘j 1 'J
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Example of Data Fitting to B-V Equation (2)

Use Excel Solver to fit for j, and S values

AutoSave ] EGMS5305_Electrchemical Engineering_Calculationsxsx - Saved = O search
File Home Insert Draw Page Layout Formulas Data Review View Help 1% Share I Comme
[® From Text/csv [® Recent Sources [[H Queries & Connectians 7 e = 58 Flash Fill 8= Consolidate T r = = | 2, Solver
9 7/ N @
o [ From Web [P Bxisting Connections |TL [E @ @ ﬂiﬂ éj @ hd Sort il %2 '(F:xtt B} Remove Duplicates 25 \n\%}lf F@t GLE 1] LE S%I =
e B3 From Table/Range B Stocks Currencies  Geography — Automatic  Anatomy || | %] °° ilter <& Advanced Comm:s £ Data Validation ~ [ Manage Data Model Anal;mv DSLE;:; riup ng:ﬂup ubtota
Get & Transform Data Queries & Connections Data Types Sort & Filter Data Toals Forecast Outline S Analyze
& 13
A B C D E S T u v w X Y z AA AB AC AD AE AF AG AH Al Al
4 - -
5 |Fuller p. 52 example on fitting of B-V equation Selver Parameters X O bJ ectlve J
6 B 0.5000§ <—Fitted
: § U 2]~ sum of error squared (D30) to Min
8 1-B 0.5000 <—Fitted
Overpotential i{A/m2) Calculated i Error Tor O Max ® Min O Value OF: .
v from 8-V T oo v o By changing variables cell:
9 $D$E:SDST + I —
10 -0.10 -4.20 -0.343 -3.86 H
1 0.09 336 0.280 308 Subject to the Constraints: ﬂ (Ce I I D6) an d jo (Ce I I D7)
12 -0.08 240 0227 217 S add
13 -0.07 -2.30 -0.182 -2.12 H
Change .
14 -0.06 -1.80 -0.145 -1.65 oo —— CO n St ra I nts .
15 -0.05 -1.25 -0.113 -1.14 Zelete
16 -0.04 -1.00 -0.086 -0.91 ﬁ (Cell D6) <= 1
17 -0.03 080  -0.062 -0.74 L
18 -0.02 050  -0.040 -0.46 Londssme
19 -0.01 0.22 -0.020 0.20 Make Unconstrained Variables Non-Negative
20 0.01 0.24 0.020 0.22 .
Sglect a Solving GRG Nonlinear ™ Options
21 0.02 0.45 0.040 0.41 Method:
22 0.03 0.80 0.062 0.74
23 0.04 1.00 0.086 0.91 sobing Hethod
Select the GRG Nonlinear engine for Salver Problems that are smooth nonlinear. Select the LP
24 0.05 1.45 0.113 1.34 [ Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
= 0.06 180 0.145 165 problems that are nan-smaoth.
26 0.07 2.10 0.182 1.92
27 0.08 2.80 0.227 2.57 Help Solve Close
28 0.09 3.50 0.280 3.22
29 0.10 4.10 0.343 3.76
Sum of
H o" I ”
Click “Solve
30 80.144 squared
-
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Example of Data Fitting to B-V Equation (3)

Excel Solver provides fitted j, and f that minimize sum of error squared (cell D30)

£ Search

Zhe Cheng

File Home Insert Draw Page Layout Formulas Data Review View Help 13 Share 7 Comments
[ From Tet/CSV  [B Recent Sources A Queries & Connections P A [z N2 =F &lFashFil 8= Consolidate I r = = | 2, Solver
m /7 0, = e}

E% [B From Web [P Bisting Connections [2 B iy 2 1 v @ S v 2 B Rermove Duplicates =8 =57 A sH < @& =

Get Stocks Currencies  Geography  Automatic  Anatomy || | Z| Sert | Filter Tedto : What-If Forecast | Group Ungroup Subtotal
Data ~ EH From Table/Range B o & & Advanced | Columns =6 Data Validation ~ Manage Data Model | analysis «  Sheet ~ -

Get & Transform Data Queries & Connections Data Types Sort & Filter Data Tools Forecast Qutline N Analyze
T24 = fe
A B C D E S T U v w X Y Z AA AB AC AD AE AF AG AH Al Al

4 . .

5 |Fuller p. 52 example on fitting of B-V equation B Fltted Va I ues for -IO a nd ﬂ Val ues

6 B 0.4974 |<-Fitted

7 jo 0.6024 [<—Fitted Sotver Reaults «

8 1B 0.5026 <—Fitted

Overpotential i(A/m2) Calculated i Error Solver found a solution. All Canstraints and optimality
) from B-V conditions are satisfied Ref:::er

9 (&) Keep Solver Solution Sensitivity

10 -0.10 -4.20 -4.090 0.11 Limits
O Restore Original Values.
1 -0.09 -3.36 -3.337 -0.02
12 -0.08 -2.40 -2.709 0.31 . . .
13 -0.07 -2.30 -2.183 -0.12 [ Return to Solver Parameters Dialog [ outline Reports A n ( O ptl I I | I Ze d ) SO I ut I O n fo u n d
14 -0.06 -1.80 -1.738 -0.06
15 0.05 1.25 1.359 0.11 18 H
el s s - Cancel Save Scenario
. T T T - Ce="| (i.e., converge)
17 -0.03 -0.80 -0.742 -0.06 Solver found a solution. All Constraints and optimality conditions are satisfied.
18 -0.02 -0.50 -0.480 -0.02
19 0.01 022 L0236 0.02 When the GRG engine is used, Solver has found at least a local optimal solution. When Simplex LP
- - - - is used, this means Solver has found a global optimal solution,
20 0.01 0.24 0.236 0.00
21 0.02 0.45 0.482 -0.03
22 0.03 0.80 0.746 0.05
23 0.04 1.00 1.040 -0.04
24 0.05 1.45 1.373 0.08 1
25 0.06 1.80 1.760 0.04
26 0.07 2.10 2.214 -0.11
27 0.08 2.80 2.753 0.05
28 0.09 3.50 3.298 0.10
29 0.10 4.10 4.174 -0.07 . .
o Sum of d greatly reduced (t
@] __— Sum of error squared greatly reduced (to minimum
error
30 0.187 squared
=

a1

Electrochemical Engineering
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Fitting to Tafel & Comparison w/ BV (1)

Anode polarization data on for “A/Grg;()) ; Overpotergi:(l)(gV)O Wt #1 Calculate Inj
) ) .2091 11.01
chlorine gas production from 5 M 41300 019940  10.63
NaCl solution at 20°C is provided 22300 0.17030  10.01
(Kunh and Mortimer, J Electrochem 12400 UL 233
i .
Soc v120, 231 (1973) o
By fitting data to Tafel equation, 4110 0.10360 8.32
determine exchange current 2070 0.07934  7.64
density j, and symmetry factor f 122;‘7) ggigg ;;i
for the anode reaction. 21 004047 643
) ) 427 0.03433 6.06
2ClI- > Clz + 2e 240 0.02547 5.48
_ 173 0.02204 5.15
n=2 116 0.01658  4.75
58 0.01175 4.07
. . 30 0.00489  3.40 #2 Linear fit for
#3 Calculate (1-f) and j, from fitted : r .
0 Fitted slope b 0.0398 Overpotentlal (as
slope b and 7 axis intercept a : RT Fitted intercepta ' -0.2258 ﬁ .
_ , r y) vs. Inj (as x) for
Slope b = A= p)nF r 0.9978 S50 MV
1-B 0.317 L
io (A/m2) 291

RT
intercepta = —|————|Inj, = —blnj
1 P [(1 — ,B’)nF] Jo Jo Fuller textbook: o, = (1 — B)n = 0.635
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i (A/m2)
60300
41300
22300
12400

8080
6180
4110
2070
1230
817
621
427
240
173
116
58
30

Fitting to Tafel & Comparison w/ BV (2)

Overpotential (V)
0.20910
0.19940
0.17030
0.15150
0.13590
0.12080
0.10360
0.07934
0.05512
0.04727
0.04047
0.03433
0.02547
0.02204
0.01658
0.01175
0.00489

Fitted slope b

r2

1-B
jo (A/m2)

Fitted intercept a d
F

Inj
11.01
10.63
10.01
9.43
9.00
8.73
8.32
7.64
7.11
6.71
6.43
6.06
5.48
5.15
4.75
4.07
3.40

" 0.0398
-0.2258

0.9978
0.317

291

j from B-V error
3935.5 56365
2680.6 38619

847.1 21453
402.4 11998
217.0 7863
119.4 6061
60.4 4050
23.1 2047
8.8 1221
6.3 811
4.8 616
3.6 423
2.4 238
2.0 171
1.4 115
1.0 57
0.4 30
0.500 <-- initial gt
1 <--initial gt

Sum of

error

squared 5.395E+09

Electrochemical Engineering

Calculated from B-V equation based on initial
guessed values for (1-f) and j, (e.g., 0.5and 1,
respectively)

Error between experimental j and calculated j
from B-V equation, i.e.,
j—jfrom B-V

Anode polarization data on for chlorine gas
production from 5 M NaCl solution at 20°C.
(Kunh and Mortimer, J Electrochem

Soc v120, 231 (1973)).

Fitting all polarization data to B-V equation

— =SUMSQ(J10:J29)
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Fitting to Tafel & Comparison w/ BV (3)

ExceI Solver provide fitted 1-5 (E27) and j, (E28) values, minimizing sum of error squared (F29)

ectrchemical Engineering Calculations.xlsx - Saved P search
File Home Insert Page Layout Formulas % Review View Help I# Share 1 Commen
~ == #q i A ] H T 2 Solver
.. i g W F BB | B |
Get & Transform Data Queries & Connections Data Types Sart & Filter Data Tools Forecast Qutline Analyze
= ko <-- initial guessed j0
A B C E F H J K L M N (0] P Q R S T
5 | j(A/m2) Overpotential (V) Inj j from B-v error . . .
6 60300 0.20910 11.01 3935.5 56365 ObJeCtlve °
7 41300 0.19940 10.63 2680.6 38619
sum of error squared (cell
8 22300 0.17030 10.01 847.1 21453 [ |
9 12400 015150  9.43 4024 11998 F29) to Min
10 8080 0.13590  9.00 217.0 7863 | e s 5
11 6180 0.12080 8.73 119.4 6061 e O Max @® Min O value OF: =
12 4110 010360  8.32 60.4 4050 | [Eororeremeen _ By cha nging va riables cells:
13 2070 0.07934 7.64 23.1 2047 [ SESZTSES2S + I
14 1230 0.05512 7.11 8.8 1221 Subject to the Constraints; Ce” E27 for' 1—ﬂ
15 817 0.04727 6.71 6.3 811 s e=t add .
16 621 0.04047 6.43 1.8 616 Change Ce” E28 for jo
17 427 003433 6.06 36 423 _ o _
18 240 0.02547 5.8 2.4 238 Constraints:
19 173 002204 5.5 20 171 _ G==(T [T
20 116 001658 475 14 115 Loasave 1-ﬁ (ceII E27) <=1
21 58 0.01175 4.07 1.0 57 Make Unconstrained Variables Non-Negative
22 30 0.00489 3.40 0.4 30 S G toninear v Optians
23 Fitted slope 5 | 0.0398
. . v | Solving Method
24 Fitted intercepta = -0.2258 Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP
2 r Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
25 I 0.9978 problems that are non-smooth.
27 1-p 0.317 0.500 <-- initial guessed 1-B
28 jo (A/m2) 291 1 <— initial guessed jO T | s | SO
Sum of
error
. “ ”
29 squared  5.395E+09 Click “Solve
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Fitting to Tafel & Comparison w/ BV (4)

I
nd j, values that minimizes sum of error squared (cell F29)

Excel Solver provides fitted 1-6 a

) = E chemical Engin Calculation ved ~ P Search
File Home Insert Page Layout Formulas % Review View Help 15 Share  §F Comment
[ From Text/CSV [ Recent Sources [T Queries & Connections Vi s = # 8= Consolidate o 5 Solver
;E B s zming ommzsians @ ’L@ mj . 1 \ @ |2 I: i:,m e \A%t;l?lf F%st GrLE UnLE s%a\
Data~ ES From Table/Range Stocks Currencies  Geography  Aufomatic Anatomy [3] | £] N& Advanced Columns =6 Data Validation ~ Manage Data Model Analysis > Sheet v P gv P
Get & Transform Data Queries & Connections Data Types Sort & Filter Data Tools Forecast Qutline 1] Analyze
F29 - fe | =SUMSQ(F6:F22)
A B C E F H J K L M N O P Q R S T
5 | j(A/m2) Overpotential (V) Inj jfrom B-v error
6 60300 0.20910 11.01 58105.0 2195
7 41300 0.19940 10.63 44905.8 -3606
8 22300 0.17030 10.01 20728.5 1572
9 12400 0.15150 9.43 12579.5 -180
10 8080 0.13590 9.00 8311.5 -231
1" 6180 0.12080 8.73 5564.7 615
12 4110 0.10360 8.32 3523.0 587 Solver Results X
13 2070 0.07934 1.64 1846.4 224 Selver has converged to the current selution. All
14 1230 0.05512 7.11 959.7 270 Constraints are saisfied Regerts
15 817 0.04727 6.71 770.4 47 © Keep Salver Salution Ef—‘n?;t'“'"tv
16 621 0.04047 6.43 632.0 -11 O Restore Original Values
17 427 0.03433 6.06 522.6 -96
18 240 0.02547 548 383.3 143 [ Return to Solver Parameters Dialog [ Outline Reports An (Opti m ized) SOI ution fou nd
19 173 0.02204 5.15 333.2 -160
20 116 0.01658 475 255.2 -139 Lo Lancel Save Scengrid- ( i . e . Co nve rge)
21 58 0.01175 4.07 186.0 -128 I - - ;
Solver has converged to the current solution. All Constraints are satisfied.
22 30 0.00489 3.40 822 -52 — - — —
23 Fitted slope b | 0.0398 o rienca sering ex a drrerant g peimn e Ty e mater
24 Fitted intercept a  -0.2258
r
25 r 0.9978
27 14 0.317 0.336 < fitted 1 1 [
Lf nedrtl—— Fitted values for (1- f) (cell E27) and j, (cell E28) values
28 jo (A/m2) 291 225 < fitted jO
Sum of o« o
Sum of error squared (cell 29) greatly reduced (to minimum)
29 squared 2.132E+07 i/

Fitted values by Tafel (0.317, 291 A/m?) different from B-V (0.336, 225 A/m?), but close — on same crder:?
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Fitting to Tafel & Comparison w/ BV (§)

Anode
polarization
data for Cl,
production from
NaCl solution at
20°C (Kuhn and 10,000
Mortimer, J

Electrochem

Soc v120, 231

(1973))

100,000

1,000

Good fitting at high
overpotential

(> ~0.05 V), but
overestimation at
lower bias, more
obvious for Tafel
than B-V

100

10

Electrochemical Engineering

£J (A/m?) .
C /9
a o
B /[
- A"
- i
i e
- 8
[

3 se” T=293.15K
- - n=2
s

U @
- O o
- ¢ A Tafel
- * oB-V
-0 .
i e Experiment n (V)
0 0.05 0.1 0.15 0.2 0.25
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Voltage Loss in Electrochemical Cell

For an actual electrochemical cell, voltage loss from cell equilibrium
potential E., is coming from several contributions

Galvanic cell (GC)
AEgc = Eeq — Ecett = |I|Rint = Netectrodes + | IIRq = 1Man! + Mcael + 1I|Rq

Ecetige = Eeq — [I|Rine = Eeq — (INanl + [Mcacl + [IIRg)

Electrolytic cell (EC)
AEEC = EApp - Eeq = |I|Rint = Nelectrodes + |I|RQ = manl + |ncat| + |I|RQ

Eceigc = EApp — Eeq + [I|Rijne = Eeq + Manl + [Mcael + [II1Rg
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Voltage Loss in Electrochemical Cell
Example (1)

Consider a system with an Zn anode and a NiOOH cathode in an alkaline solution.
Electrode reactions are

| : Symbol | Value | Meaning
Anodic (oxidation) half cell (unit)

Zn + 20H" — Zn(OH), + 2e- R, ni 100 Surface roughness factor for Ni electrode
Cathodic (reduction) half cell R, ,, 2 Surface roughness factor for Zn electrode
NiOOH + H,0 + e — Jo ni 0.61A/m2  Exchange current density for Ni electrode

Ni(OH), + OH- — .

cinetic parameters are given Jo, zn 60 A/m? Excr.m.ange current dent5|ty for Z.n electr.ode

a) Determine cell potential E, 174V rEecl‘;‘t'i'\'/ber't”'or"Zﬁ?gﬁ‘)’:fZ”;'a' for NIQOR/NI(OR),
at ga.lvan1|:c1 current , 0y i 0.5 Anodic transfer coefficient for Ni electrode

b) ([j)zrt];lrxu?\e (;)iggh'z/rrge A, i 0.5 Cathodic transfer coefficient for Ni electrode
current density that Ay 72 1.5 Anodic transfer coefficient for Zn electrode
corresponds to total cell A, 7, 0.5 Cathodic transfer coefficient for Zn electrode
VOItage of 1.3V K 60 S/m Electrolyte conductivity

Ta = [(;_ Bin L 2 mm Electrolyte thickness
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Mwant Ecell GC~— Eeq - (lnanl + |ncat| + |I|RQ)

Voltage Loss in Electrochemical Cell

Example (2)

Ni surface
Zn surface roughness
roughness factor 2 factor 100}
i0(Zn) A/m2 60 i0 (Ni) A/m2 0.61
alfa-azn 1.5 alfa-a Ni 0.5
alfa-cZn 0.5 alfa-c Ni 0.5
Overpotential (V) jZn by BV (A/m2) j Ni by BV (A/m2)
-0.300 -41194.4
-0.299 -40400.5
-0.298 -39621.8
-0.297 -38858.1 -19752.7
-0.296 -38109.2
-0.295 -37374.7 -18998.6
-0.294 -36654.3 -18632.4
0.036 922.2 92.6
0.037 982.4 95.6
0.038 1046.1
0.039 1113.6 101.8
-0.145 - :
-0.144 -1978.3
-0.143 -1940.2 -982.5

Electrochemical Engineering

Zhe Cheng

Knowing net j = back calculate n (for
both Zn anode and Ni cathode) based
on B-V equation

Zn electrode anodic (oxidation)
current corresponding to positive
overpotential

aa0s|  Interpolation for Zn anodic +1000 A/m?
0.038 — 0.037

-19372.0) Mg znn = 0.037 + 104619824

Nazn = 0.0373V

x (1000 — 982.4)

9371  Ni electrode cathodic (reduction)
current corresponding to negative
overpotential

0014 Interpolation for Ni cathodic -1000 A/m?
Neni = —0.1439V
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Voltage Loss in Electrochemical Cell
Example (2: Alternative-1)

~
Set up problem in Excel: calculate current density (B67,E67) using overpotential (B65,E65) values

EEETv Calibri o A A= EE Fre 28 Wiap Text General - ﬁ % Bad Good . @ Eg @ :"J‘tfsum - %? p
P v |[B 7 U e Oc Ac | S== =3 Elweences v | § % 9 9 St e Neanl [l | It s format |, ot s e
D65 - f | Nioverpotential {V)

A B C D E F G
60 |Fuller p. 56 Calculation of electrode overpotential at 1000 A/m2
Zn surface roughness Ni surface roughness

61 factor 2 factor 100
62 |jo (zZn) A/m2 60  jO(Ni)A/m2 0.61
63 |alfa-a Zn 1.5 alfa-a Ni 0.5
64 |alfa-c Zn 0.5 alfa-c Ni 0.5
65 |/Zn overpotential (V) 0.1000 Ni overpotential (V) -0.1000
66 |j target (A/m2) \ 1000.0 jtargetw -1000.0
67 |j from BV for Zn (A/mZ 41177.3 j/fr,mv for Ni (A/m2) -418.4
68 N —
Initial guessed values for overpotential Calculated j values from B-V equation
for both Zn and Ni electrodes using the overpotential values
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Voltage Loss in Electrochemical Cell
Example (2: Alternative-2)

Excel Goal Seek to provide fitted overpotential (B65, E65) for target current density (B67, E67)

File
(&
Data v ==

D65

EGN5305_Electrchemical Engineering_Calculations.xlsx - Saved -

Home Insert Page Layout Formulas Data Review View Help
From Text/CSV [® Recent Sources P [T Queries & Connec tions
~

From Web Dﬁ Existing Connections )

Refresh
From Table/Range All~

Get & Transform Data Queries & Connedions
I~ Ni overpotential (V)

A B

60 |Fuller p. 56 Calculation of electrode overpotential at 1000 A/m2

61
62
63
64
65
66
67
68

Zn surface roughness

factor 2
jO (Zn) A/m2 60
alfa-a Zn 1.5
alfa-c Zn 0.5
Zn overpotential (V) 0.1000
j target (A/m2) 1000.0

j from BV for Zn (A/m2) 41177.3

Electrochemical Engineering

=
@ D:ﬂ ; @ - QL ? (fa gg:::o:i:Du licates SECDHSD“date @ &ﬂg E IZEE
umencies  Geography  Automstic  Anstomy |3| | Z| Sot | Fitter Tetto i What-If |Forecast | Group Ungroup
A S& Advance d | Columns c® Data Validation ~ Manage Data Model | |Apalysis ~| Sheet = =
Data Types Sort & Filter Data Tools Scenario Manager... Outl
Data Table...
D E G
Ni surface roughness
factor 100
jO (Ni) A/m2 0.61
alfa-a Ni 0.5
alfa-c Ni 0.5
Ni overpotential (V) -0.1000
j target (A/m2) -1000.0
j from BV for Ni (A/m2) -418.4
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Voltage Loss in Electrochemical Cell
Example (2: Alternative-3)

©
2 Search
File Home Insert Page Layout Formulas % Review View Help Excel Goal Seek
& o o £ O 2 provide fitted
S e overpotential (e.g.,
B65 = e Ni overpotential (V) 865) Value for ta rget
current density (e.g.
A B C D E B67) V(e
60 [Fuller p. 56 Calculation of electrode overpotential at 1000 A/m2
Zn surface roughness Ni surface roughness
61 factor 2 factor 100
62 |jo (zn) A/m2 60  jO(Ni)A/m2 0.61
63 |alfa-a Zn 1.5 alfa-a Ni 0.5
64 |alfa-c Zn 05 alfa-c Ni 0.5
65 |Zn overpotential (V) | 0.1000 Ni overpotential (V) -0.1000
66 |j target (A/m2) 1000.0 j target (A/m?2) -1000.0
67 |j from BV for Zn (A/m2) 41177.3 j from BV for Ni (A/m2) -418.4
68
69 Gos s P x Set cell: j from BV (cell B67)
70 Set cell: + ) )
= IE R S—— To value: 1000, i.e., target ja for Zn
77 By changing cell: Zn overpotential (B65)
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Voltage Loss in Electrochemical Cell
Example (2: Alternative-4)

©
v ®~ = EGNS5305_Electrchemical Engineering_Calculatid bnsdsx - Last Modified: Just now - O search
File  Home Insert Draw Pagelayout Formulas Data Review View
B67 - fr | =B62*B61*(EXP(B63*96485*B65/8.314/298.15)-EXP (-1*E64)*96485%E65/8.314/208.15))
A B C D E
60 |Fuller p. 56 Calculation of electrode overpoten tial at 1000 A/m2
Zn surface roughness Ni surface roughness

61 factor 2 factor 100

62 [jO (Zn) A/m2 60 jO (Ni) A/m2 0.61

63 |alfa-a Zn 1.5 alfa-a Zn 0.5

64 |alfa-c Zn 0.5 alfa-c Zn 0.5

65 |Zn overpotential (V) 0.0373 Ni overpotential (V) -0.1439

66 |j target (A/m2) 1000.0 j target (A/m2) -1000.0

67 |j from BV for Zn (A/m/ﬂ 1000.0 j from BV for Ni (A/m2)| -1000.0

o8 . \ Goal seek found a fit
Goal seek found a fit Goal Seek Status ? X Goal Seek Status . :
for Zn overpotential / Goal Seeking with Cell B67 “ Goal Seeking with Cell E57 for Ni OverpOtentlal

P p N\ at-0.1439 V (E65)
at 0.0373 V (B65) i Pause e pause
hat meets the goal b Curent aloet 10000 that meets the gnd!

t g ey _ 1 o -1000 (cell E67)

1000 (cell B67)
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Voltage Loss in Electrochemical Cell
Example (3)

Total cell voltage:

Ecelige = Eeq — (Ian!| + Mcael + IIRg)

R — 1o L__AlL_l_lL
IRg=1j-Al-p-7 =1-4l-—-2=VUl"¢

1000 A y 0.002m

B m2 "~ 60S/m

—00333’4

— 0. S

= 0.0333 4

- 1/Q

= 0.0333V

Eqoncc = 1.74V — (]0.0373V| + | — 0.1439V| + 0.0333V) = 1.526V
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Voltage Loss in Electrochemical Cell

Example (4)
~
Total cell VOItage: Eceigec = Eeq - (lnanl + |ncat| + |I|RQ)
Open Circuit Closed Circuit
Z4 (1 =0) z+ (>0, Galvanic mode)
Anode IEZIectronte:Cathode Anode Electrolyte Cathode

+ _\ |||77cat|

Enge=E.— wre
+|ncat| + |I|RQ)

E

eq

L —
0 X 0 |nan||
RS

I
I
I
I
I
eq |
I
I
I
I
I

v
v

I
I
I
I
I
I
I
¥
|
I
I
I
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75

76

77
78
79
80
81
82
83

84
85

Initial guessed overpotential for Zn
anode (cell A81) and Ni cathode (cell

Voltage Loss in Electrochemical Cell
Example (5)

Part b) Want jsothat Ec.jygc = Eeq — (INanl + Mcatl + 1I|Rg) = 1.30V
OF [an! + Meael + IRq = Eog — Ecennge = 1.74V — 1.30V = 0.34V

A B D E F G H

Fuller p. 56 Estimation of cell current for a given cell voltage of 1.3V
Electrolyte

Zn surface roughness Ni surface roughness conductivity

factor 2 factor 100 (S/m) 60
Electrolyte

jo (Zn) A/m2 60 jO (Ni) A/m2 0.6 thickness L (m) 0.002

alfa-a Zn 1.5 alfa-a Ni 0.5

alfa-c Zn 0.5 alfa-c Ni 0.5

na(zn)(v) nc(Ni) (V) IR = |jlavg*L/x (V)

0.0000 0.0000 0.0000
ja(Zn) by BWA/m2) jc(Ni) by BV (A/m2) lja+jc| (A/m2)|]j|avg (A/m2)
0.00 0.00 0.0 0.0 <--abs(ja-jc)/2
Cell voltage E¢. (V) |1.740|<~= Eeq - |na(Zn)|-|nc(Ni)|-[I|R

Initial Eta-a(Zn) =0

ta-}(/l’iﬁ) = 0; Solver with i sum<=2, Eta-a(Zn) i

n>»ge (0, 2); Etam)

D81)

current (on Ni);
should be small (< 1 A/m2)
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Difference in absolute values
between anodic/positive (on
Zn) and cathodic/positive

Average absolute
current for |ja|
and |jc], to
calculate |I|R



75

76

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Voltage Loss in Electrochemical Cell
Example (6)

Excel Solver to provide fitted na(zn) (cell A81) and nc(Ni) (cell D81) values
* Objective E.. (cell B84) of 1.3V

* By changing na(zZn) (cell A81) and nc(Ni) (cell D81)
* Subject to the constraints:
* na(zn) (cell A81) in range of 0 to 2
* nc(Ni) (cell D81) in range of -2to 0
* ja+jc (cell F83) <=1, meaning ja and jc close in absolute value, but with opposite sign

A B D E F G H | Q R S T U V
Fuller p. 56 Estimation of cell current for a given cell voltage of 1.3V Salver Parameters X
Zn surface roughness Ni surface roughness Electrolyte
factor 2 factor 100 conductivity x (S/m) 60 Set Objective: 8524 [y
_ . _ Electrolyte thickness o O wox O i ® yalee o -
jO (Zn) A/m2 60 jO (Ni) A/m2 0.6 L(m) 0.002
alfa-aZn 1.5 alfa-a Ni 0.5 i‘ ;ha’fi;g variable Cells: .
A$81,5D381 I
alfa-c Zn 0.5 alfa-c Ni 0.5
na(zn)(v) ﬂC(Ni) (V) |I ‘R = “ ‘ an*L/K' (V) Subject to the Constraints:
0.0000 0.0000 0.0000] |ie il add
ja(Zn) by BV (A/m2) je(Ni) by BV (A/m2) ja+ic (A/m2) |jlavg (A/m2) A change
0.00 0.00 0 0 <--abs(ja-jc)/2 $F583 <=1 Delet
———— -~ Delete
Cell voltage Eqc (V) | 1.74]<~=Eeq - [na(Zn)|-Inc(Ni)|-| IR
Initial Eta-a(Zn) = 0, Eta-c(Ni) = 0; Solver with i sum<=2, Eta-a(Zn) in range (0, 2); Eta-c(Ni) in range (-2, 0) Reset Al
Load/Save
D Make Unconstrained Variables Non-Megative
Select a Solving GRG Nonlinear = Options
Method:
(]j 4) Solving Method
Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
non-smoaoth.
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Voltage Loss in Electrochemical Cell
Example (7)

I
Excel Solver found a solution:
* Objective E. (cell B84) became 1.300 V
* na(zn) (cell A81) =0.0627 V (anodic overpotential)
* nc(Ni) (cell D81) =-0.2226 V (cathodic overpotential)
* ja(Zn)=+4641.1 A/m2, jc(Ni) = -4640.1 A/m2, ja+jc (cell F83)=1.0A

A B | C D E F G H | Q R 5 T U \'s
75 |Fuller p. 56 Estimation of cell current for a given cell voltage of 1.3V Solver Results %
Zn surface roughness Ni surface roughness Electrolyte
76 |factor 2 factor 100 cond UCtiVity K (S/m) 60 Sulve.r.fuund a S[lll.iti.[ln. All Constraints and optimality
Electrolyte thickness conditions are satisfied. Reports
Answer

77 jo (zn) A/m2 60  jO(Ni) A/m2 0.6 L (m) 0.002| | @ KeepSolver solution Sensiciy

i imits
78 |alfa-aZn 1.5 alfa-a Ni 0.5 © Restore Original Values
79 |alfa-c Zn 0.5 alfa-c Ni 0.5
:? na(zn)(V) 0.0627 ne(Ni) (V) 0.2226 |I |R =1l avg*cl;/;sg\;) [] Return to Solver Parameters Dialog [ Outline Reports
82 |ja(Zn) by BV (A/m2) jc(Ni) by BV (A/m2) ja+jc (A/m2) |j|avg (A/m2) : :
83 4641.11 -4640.11 1.0 4640.6 <--abs(ja-jc)/2 oK | L e | fave Scenario...
84 |Cell voltage Ec (V) |1.300|<-- = Eeq - [na(Zn)|-|nc(Ni)|-|I[R
85 |Initial Eta-a(Zn} - 0' Eta-c[Ni) - 0; Solver with i sum<=2, Eta-a(Zn) in range (0’ 2), Eta-c[Ni) in range [_2’ 0} Solver found a solution. All Constraints and optimality conditions are satisfied.
86 When the GRG engine is used, Solver has found at least a local optimal solution. When Simplex LP is used, this
87 means Solver has found a global optimal solution.
88
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Concentration Overpotential

B
Once electrochemical reaction starts, active species concentration often NOT uniform

cathodic reaction anodic reaction
C,.2 C
Cu** : Cg“2+ Cuz+h Cgu2+
C§u2+ X m——) Cf:“2+ X
Cu?* +2e - Cu Cu » Cu?t +2e”
electrode solution electrode solution

Nernst equation roughly estimates overpotential due to concentration gradient of
electrochemically active species between electrode/electrolyte interface and the bulk:
If concentration of an active species (e.g., Ox) in Ox + ne~ — Red at the surface
IS ¢ tiye @Nd in bulk is ¢y tipe

RT ¢

. . active
Electrode concentration overpotential 77 = F In pr

active

agn S (0] H S (0]
" ncan be pOSItIVG (Cactive > Cactive) or negatlve (Cactive < Cactive

S
Caetive OftEN unknown
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Mass Transfer Overpential (1)

When a reaction is limited by mass transfer, e.g., bringing of an active species from the
bulk to the electrolyte/electrode interface, current density often satisfy:

. o S
j =nF k(cactive o cactive)
When c;.ive = 0, current density reaches the max or limiting value, jiim:

. ~ o
Jiim = ancactive

The ratio . ]
J ~1— Cactive
" ~ O
Jlim Cactive
Therefore, S .
Cactive ~1— J
0 ~ :
Cactive Jlim

= =0, Coctive = Cactive » UNiform concentration

= j=j. ., Cactive = 0, largest concentration gradient

= Applicable when migration = mass transport is dominated by diffusion
is negligible and NOT electromigration
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Mass Transfer Overpential (2)

: s ,
From previous Cactive _ . j
O ~ ]
active Jlim

C

In this case, concentration overpotential due to mass transfer (e.g., diffusion) can be
approximated by:

n = RT In chtive
nF C?wtive
RT | (1 j )
n=—In{1--
nF Jiim

» Also called mass transfer (diffusion in this case) overpotential
= Can be estimated if j and j;;,, are measured
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Generalized Butler-Volmer Equation (1)

B
For a general one-step electrode (half cell) reaction:

Ox + ne~ < Red
Generalized Butler-Volmer equation for net current density j as a function of

overpotential for that electrode or half cell reaction 1 = E(Ox/Red) — E,;(0Ox/Red)

- - - c
j=Jjatjc= 10{ Red
Red

[(1 B)nFn]

COx . exp (_ ﬂnFﬂ>}
Cox RT

Js Anodic current density, often in A/cm?

7. Cathodic current density, often in A/cm?

Jo Exchange current density, often in A/cm?

p Symmetry factor, unitless

creq  Electrode surface concentration for reduced species Red
CReq  Bulk concentration for reduced species Red

Cox Electrode surface concentration for oxidized species Ox
Cox Bulk concentration for oxidized species Ox

R Gas constant 8.314 J/(mol-K)

T Absolute temperature, K

Electrochemical Engineering
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Generalized Butler-Volmer Equation (2)

If mass transfer limited by diffusion only, for the generalized Butler-Volmer equation
o Cged-ex (1—p)nFn _cg_x.ex _ BnFn
J = oo TP TR cs. P\ TRT
(Crea/Creq) @Nd (cj/c5,) are for the anodic and the cathodic processes of the same
electrode (half cell) reaction.
Ched j Cox j J positive if anodic,

~ 11— ~1+4+- ) . . :
CRed Jlim.a cS, jime J Negative if cathodic

| IIe|e|OIe,
jlim,a RT jlim,c RT

Expand, we have

o (1—pB)nFn| . (1-pB)nFn| jo . pnFn\ . BnFn\ Jjo
j = exp BT Jo — €Xp BT ——J —exp| = JJo — €Xp| — J

]lim,a
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Generalized Butler-Volmer Equation (3)

From previous

i = exp (1- ﬁ)nFn'j ~exp [(1 - ﬁ)nFn] Jo i exp (_ ﬁnFr;)j ~exp <_ ﬁnFn) Jo
i RT | © RT ]]im,a RT 0 RT jlim,C
i) toxn (P Jo | =PmFn| o BnF
Therefore,
1—p6)nF
| exp [( ﬁ) "]Jo—exp( nt )
/= (1 —ﬁ)nF pnFn\ j
e o ()
exp ]llma &P RT ]lim,c
or
1—p)nF nF
. exp RﬁT) | - exp (‘ ﬁRTn>
] =
o+ () 9 [+ () o0 ()
—+ +(— -
]o (Illma exp lim,c exp RT
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j vs. n Plots for Generalized B-V Equation

n=1,6=0.5,
T7=298.15K,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

|n| very large (>~0.5V) ¢
j =2 limiting values

n(V)

jo =0.001 A/lcm?,

jlim,a = jlim,c = 1 Alcmz ':‘g 0.1
120 ¢ (Afcm?) ! E 0.01 \
100 |

0.80 |
0.60

0.40

= Tafel: n=a+ b lg|j|
In| ~0.1-0.3 V

0.00001
0.20 0.003 £ (A/cm?)
IIIIIIIIIIIII 9 0.002 |
1.5 1 -0.5 [
-0.20
0.001 | =
-0.40 [
oo | Ml verysmall(<~0.015v) . 7 (V)
) L . . -0.04 -0.03 -O.CUZ> -0, 0.01 0.02 0.03 0.04
080 | —> Linearorj=#%n/R, >
-1.00 |
-1.20 : -0.002 -
-0.003 L
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Homework

B
(JRead textbook chapter 3 and give an honor statement confirm reading

Raise THREE (3) question that you don't understand for lecture videos
In case you have understood everything and don’t have that many questions, please
give corresponding number of multiple-choice problem (together with your answer)
that you feel can be used to check a student's understanding.

An example multiple-choice problem could be:

Which of the units below can be the unit for current density j?
a) A

b) A/cm? (Answer)

c) V

d C

Problems
= Textbook 3.3, 3.4, 3.8, 3.9, 3.10, 3.13
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Exchange Current Density j,
(Fuller Eq. 3.19)

From (3.11), anodic & cathodic reaction rate are the same at equilibrium:

j (1- ﬁ)nFU pnFU
7 =1, = kyCreq €XP = k.co,rexp| — o | =T

Therefore,

nFU\  kcCox
“P\RT | ™ ko creq

nFU_l k.cox
RT — "\koCreq

RT] chOx
nkF k,Cred

which is (3.19)
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Exchange Current Density j,
(Fuller Eq. 3.20a)

From (3.11), when anodic & cathodic reaction rate are the same at equilibrium:

Jo (1—-B)nFU SnFU
— =15 = kqCreq €Xp RT = kccoxexp| — =T

2 RT
From (3.19), or
(3.19) _RT [ keco v _ 1n< keCox >
nF kaCRed RT kaCRed
Therefore,
nFU keCo
_]F() =7, = ke 4Croq €XP (1 ﬁ) 1= kaCRed exp [(1 - ﬁ) - In (kaCCR:d>]
. [ -
Jo _ k. Cr.iexp|ln KcCox o = KqCRea * ecox ﬁ
Forered PP e cred “H \Kacrea
j _ —
FO = (kaCRed) ) (chOx)1 A (kaCRed)'B !
Jo

F = (chOx)l_ﬁ ) (kaCRed)ﬁ
which is essentially (3.20a)
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Mass Transfer on Reaction Rate
(Fuller Eq 3.33-1)

Mass transfer rate from bulk to surface:
Ng = km(crp — crs)

At steady state, mass transfer and electrochemical reaction (charge transfer) match at
the electrode/electrode interface, where Tafel equation is assumed

. . CR,s aqF
] = anm(CR,b - CR,S) = Jo,ref * <CR,ref> - exp <ﬁ 775>

Assuming bulk concentration equals reference/standard concentration
CrRref = CRb

To solve for cg s

_ 1 ayF
anmCR,b - anmCR,s = Jo,b CRb " EexXp ﬁns CR,s

, 1 aF
anmCR,b = anmCR,s + Jo,p (CRb> exp (ﬁ"s) CR,s

54
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From previous:

Therefore,

Recall

We have

i=; ( 1 ) exp (czaF77 ) nFkpycrp
=Jjop" . —n |-

J=Job" exp( Ns )
RT 1 agF
nFky, +jop - (c b) exp ( BT 775)

Mass Transfer on Reaction Rate
(Fuller Eq 3.33-2)

. 1 agsF
nFkmcrp = [WFkm +Jjo,p E rexp ﬁns R,s

nFkycrp

1 a,F
nFky, +jop - (CR b) exp (—R“T ns)

. CR,s aqF
J =Job Crb EXP\ g7 TIs

CRs =

asF nFk,,
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Mass Transfer on Reaction Rate
(Fuller Eq 3.33-3)

From previous,

1

1 ) (aaF )
nFkmcgy) P\ RT s

o (%F )
J = Jo,b " €EXD Ns | *
’ RT .
1+jo,p- (

o 1
J = 1 1

+
: a,F nFk,,c
Jop - €xp (ﬁ Tls) meRb

which is (3.33)

Note when cgs = 0, electrode anodic/oxidative current as limited by mass transfer

, Jj= anm(CR,b - CR,S)

reaches max or limiting value:

Jiim = anmCR,b
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Mass Transfer on Reaction Rate
(Fuller Eq 3.33-4)

On the other hand, if Crref = Crb , fOr current density from Tafel relationship

.. CR,s aaF
J =Jop Crb €XP\ g7 NIs

We have
1 _ CR,S 1
2 Agl” B Crb J
Job - exp | 7 1s
Therefore,
. 1 B 1
J = 1 T g 1 1

+ e :
; agF nkFk,,c C .
Jop * €EXP (_RaT 775) m=R,b Rb J Jiim

CR s J

— 4+ - =1
CRbp Jiim
CRs 1— J
CR b Jlim
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