Electrochemistry for
materials technology

Chapter 4
Electrode kinetics
B. Mass transfer limitation
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B-V model with mass transport
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B-V model with mass transport
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Concentration profiles near the
electrode surface
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Flux N, of species A normal to the electrode
surface : simple scheme
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CA,bulk

CA,surf

, distance

C - C
N, = - D, A,bulk A,surf (mol/m? s)

O

D, :coefficient of diffusion (m?/s)

0 : thickness of Nernst diffusion layer (m)



Cathodic and anodic current densities in
case of mass transport limited reactions

Current density Transport of
I, =-NFNj reactant
I, =+ NF N,y product
lc =+ NF N, reactant
lc =-NFNj product

with NA = _DA (CA,b - CA,S) / 8

Fe2* = Fed* oxidation

Fe3* = Fe?2* reduction

Fe2t

Fe3*

Fes3*

Fe2t

poS.

poS.

neg.

neg.



Concentration profiles near electrode
surface at the limiting current

with NA = _DA (CA,b / 8
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Origin of concentration overvoltage
(mass transport limitation)

> distance

E o =E%+RT/2F Incg,,

O reduction;
| Ceuzrp Cu plating;
<0
CCu
"distance

Eico = E®+ RT/2F Incg,



Concentration overvoltage

Overvoltage n = E-E.,= RT/2F (n((Couprs/ Couzrp)]

. reduction; C. o sC
I=nFN cuz+ = - N F DCU2+ (CCu2+,b - CCU2+,S) /0 Cu plating; bulk surface
<0
n<0
IL=NF Npax cuz+ = =N F Dgyas Coupep/ 0 Ceuz+s=0

i/i=1-[(Ccuzss/ Couzs.p)

» i=i (1- exp(2F/RTn))
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Theoretical polarization curve for cathodic

deposition with only concentration overvoltage
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Formalism for mixed control: charge

transfer + mass transport
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Butler-Volmer (cathodic):
[Os]

exp (-n/ Be)
Ccu2+, b
[0" ]

. . Ccouz+, s
le, cu2+ = ~ lo, cu2+

Mass transport:

] ] CCu2+,s
/1 =1-

Ccuz+, b
Mixed :
(i /1) exp (-1 /Be)

lc

1-(ip/ i) exp (-1 /Be)
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Theoretical polarization curves for a
cathodic reaction under mixed control
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Mass transport contribution to B-V equation

« Surface concentration is determined by kinetics or Nernst Equation
» If surface reaction is fast, current is diffusion limited
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Mass transport contribution to B-V equation

Tolar flux
Ag* + e > Ag J=DA6—C
AN
diffusion Nernst
[Ag+*] eIeCtrOde_ _ é______ _ coefficient thickness

Relationship between J and j:
j=J-

Sl

Substituting the expression for flux:
j= D AC-z-
O

\_Y_/

mass-transfer (units of velocity m/s)
coefficient (k) 16

[Ag]s



Mass transport contribution to B-V equation

j= % AC-z-F
] = kn([CT]-[Cls) - F

For limiting case where [C]s=0: Jim = Kn[C™]'Z - F C* : bulk concentration
By substituting for k., and rearranging,

[Cls —1 . ]
[C*] jlim

Notes about the mass transfer coefficient k,,, :

* Mass transfer coefficients are measurement technique-dependent (e.g.
stirring), and, in some cases, time-dependent.

* Both k® (frequency factor, Ch. 3 slides 46-47) and k,, have units of [cm/s]

* When k® >>k,, , j-V curves are controlled by mass transport

* When k°® <<k, , j-V curves are controlled by charge transfer kinetics
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Mass transport contribution to B-V equation

If we consider the two different species, [R] and [O], which affect
the anode and cathode, then (chapter 3, p.82):

azF
[R]S r] [O]S -(1 'Ga)ZF r']
J_ e RT -—e RT
° R [O7]
Limiting current for anodic Limiting current for cathodic
reaction jji, .: reaction Jjim c:
Rls _, ) O
[R*] - ) jlim,a [O*] B ) jlim,c
Substitution Butler-Volmer model with
Mass Transport limitations
a.zF -(1—0(a)zFr,]

. : 1 :
J ot e RT [ Je TRT
jo Jlim,a Jlim,c
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Mass transport contribution to B-V equation
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Mass transport contribution to B-V equation

Increasing j°/j;, decreases the onset potential at which current is observed.
All curves with high j°/j;i,, look the same (mass transfer limited)
- No kinetic information can be derived from them

j/jlim

1.0+ = S —u—r
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Mass transport contribution to B-V equation

A Typical Diffusion Limited Tafel Plot for M (2M* + 2"

A
log i

Anodic

slope
(During discharging)

Deposition is typically limiting, whereas dissolution is not.
Same for e.g. H* reduction or O, reduction (limited), whereas H, evolution or O, evolution are not.
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Simplification for mass transport form of B-V
equation: 1. smalln

Analogous simplifications as before hold for
(N~0,1<<0,n>>0)

For ) ~ 0, linearization via Taylor series

N A _ .| R, j
= f jo jlim,a- jlim,c J jOZF -O

f=zF/RT r] =j'[Rct + + ]

charge transfer
resistance

~ RT
ct — onF




Simplification for mass transport form of B-V
equation: 2. large n

For large E-E., =2 |n| >>

RT
ZF

Depending on whether a positive or negative potential is
applied, we have either

e

aafﬁ S>> e'(1'aa)fr’]

ifi>0

, 1M
or . aafn«e( a,)fm

ifA<O0
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Simplification for mass transport form of B-V
equation: 2. large n

) RT
For large E-E., =2 |n| >>
zF
. ' -(1-a, )
for r] > O e Gafn >> e ( a) r]
(anodic)
j aaZF r’] J - a)ZFr’]
=] E - ]e RT E RT
R T R
j~i°l - - . J —e
| [ J"m’a] andl E- jlima}
j 'jim,a ,
| _ azF A

Flima—i) e RT
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Simplification for mass transport form of B-V
equation: 2. large n

j . J GaZF r']
— lim,a . _ e RT
" Utima —1J) \
jlim,a J aaZF jlim,a J GaZF
J ima=) = o RT jima =] i° e RT
jl' ,a J a.zF I a . ,
e —+In = — In hma InJ—= %2 g
J Jiima — | RT jlim,a —j j° RT
_ J concentration activation
n=a+bln Jim - ] overpotential  overpotential
Tafel plot form ’ Overpotential (nq,c) (Nact)
( \ \ —— form { \ . A
RT Jiim.a RT J RT Jiim.a RT J
r']=— In o + —— In I - r']= n- o In -0
azF ] azF  Jima~) azF  dima-]  azF ]




Simplifications for mass transport form of B-V
equation: 2. large n

Concentration overpotential is the overpotential
required to produce a current that involves the depletion
of charge-carriers at the electrode surface (mass
transfer limited).

As j>0, AS ]2 Jim
Neone 2 0 Neone 2 dOominates

Activation overpotential is the overpotential required
to produce a current that depends on the activation
energy of the redox reaction.

As J 2 O’ As J - jlima
Nact =2 dominates Nt = constant
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Simplifications for mass transport form of B-V
equation: 2. large n

RT
ZF

Depending on whether a positive or negative potential is
applied, we have either

For large E-E., =2 |n| >>

' -(1-0.,)ff : -(1-0.)ff
eaaf”»e( )M or eO(afn«e( )N

ifi>0 ifA<O0
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Simplifications for mass transport form of B-V
equation: 2. large n

, RT
For large E-E., 2 || >>
zF
for fj < 0 o Ol o o170
(cathodic)

via analogous derivation as for } > 0 (anodic)....

—a2+bln = Jiimel concentration activation
n= il overpotential  overpotential
Tafel plot form / \ Overpotential (ng,nc) (Nact)
{ x . \ form | A \ { | |
RT I°l RT = Jim, ~RT i = Jiim.cl RT Il

In . + n i = In + n-—
(1-0)zF  ljimol (1-an)zF i M= 0)zF  limel  (1-a)zF i

r']z




Simplifications of B-V equation: large n

RT Jiim,a RT J

Az —— IN—— + —— In— _ Tafel plot form
fOI' N >0 a,zF J azF Jiim,a =]
(anodic)
RT  Jima RT |
A= —— In ama 2 n— Overpotential
azF  Jima-) 0,zF J form
. RT n i°l . RT n i — Jtim.cl .
1= Gagzr " imd T(agzF | O oo plotform
forn<0
(cathodic) i
RT . _.. o
= In i =jimoel  RT I Overpotential

(1-a,)zF liiim, | (1-a,)zF |l form
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Total overpotential and
Interpretation of its components

Recall:

Overpotential represents the extra energy required to overcome reaction energy
barriers

- Increases minimum voltage required for electrolysis / battery charge
- Decreases the maximum voltage obtained from a fuel cell / battery discharge

We usually want to minimize the overpotential of a device

Ntotal overpotential = z |nindividual overpotentialsl

Galvanic (fuel) cell: Faradaic (electrolysis) cell:

Eoverall = Eeq - |ntotal overpotentiall EoveraII = Eeq + |ntotal overpotentiall
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Total overpotential and
Interpretation of its components

Eoverall - Eeq - |ntotal overpotentiall = Eeq - zmmdividual overpotentialsl

Individual overpotentials include cathodic, anodic, and
electrolytic (=ohmic) components

cathodic anodic electrolytic
overpotential overpotential ohmic drop
[ A \ A \ /
EoveraII = Eeq - mconc,cl - mact,cl - |nconc,a| - |r|act,a| -
Y electrolyte
resistance
RT li = Jiim.cl RT n i°] | RT n Jiim.a ) RT n b O
(1'Ga)ZF ; |j|im,c| - “'Ga)ZF |J| GaZF jlim,a_j GaZF J
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Total overpotential and
Interpretation of its components

Predicted by the
<« |Butler-Volmer equation

Infinite /4”“ \

resistance to" | o5 nirofled onlﬂ Exponential

electron by electron increase in
\ LEGELET _/ \transfer and j° current with E
\_ (B-V equation) )




Total overpotential and
Interpretation of its components
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Total overpotential and
Interpretation of its components




Total overpotential and
Interpretation of its components

Voltage

Ideal cell voltage

ERV

Other loss (leakage,
corrosion,...)

lim Current
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Total overpotential and
Interpretation of its components

o

r’]CI:OHC
dominates

r’]phm
dominates

r’]_act
dominates
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Total overpotential and
Interpretation of its components

Low | |
U << Jiim) E ~ E,,- RT_ Inu AL J
N..t dominates overall ™™ =eq " |(1q )zF | a,zF j
Higher | |
Nohm dOMinates Eoverall = Eeq - const - JARohm
onm
Highest | N |
(j%jlim) RT lj - Jiim.cl RT Jiim,a
~ - - I - - In
ﬁconc EoveraII Eeq const. (1-a,)zF n il a.zF fima—|

dominates
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Simplifications for Mass Transport Form of the
Butler-Volmer Equation: large n

AS J 2 O’ As J - jlima
Neonc =2 0 Neonc = dominates
Nt 2 dominates N.ct = constant
RT |J 'jlim,cl RT |J°| RT jlim,a RT J_
- | — In— - In——] - In - — - In —
(1-a,)zF il (1-a,)zF il a,zF jima —] ‘ a,zF j
\ ]\ ] |\ J
— | v v

Nconc Nact Nconc Nact
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Total overpotential and
Interpretation of its components

Low |
' ' j° RT '
(J =< Jlim) E 1 ~ E - —RT nll - In .Jo
N.ct dominates overa €d |(1-a,)zF il a,zF j
RT Jlim,cl RT In |Jo| _ RT | llm,a i RT In
(1-0,)z imel | |(1-a)zF Ul | azF " jima—J | | ®2F )
n assume
approaches 0 T]c approaches 0 a negligible
ohmic losses

The In of a very large (or very small) number is a very positive (or negative) value.
Nact FEepresents energy needed to just barely start producing current

Effect is clearly seen when j << j;.,, ] <<j° , and R,y is very small.
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Total overpotential and
Interpretation of its components

E r—,——rl —————————————

dominates

Tlc

Example : O, reduction reactionin
H,-fuel cells for mobility

~-In (X) behavior
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Total overpotential and
Interpretation of its components

Higher | |

Iﬁohm dominates Eoverall - Eeq - const - JARohm
RT | lj = Jim.cl RT |J | RT n Jim.a ] RT n j
(1-a,)zF " iimel | (1-a, zF il || ozF jima =] azF |

\

|

constant
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Total overpotential and
Interpretation of its components

E ==

______ = =

r’]ghm
dominates

r————
|

linear behavior
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Total overpotential and
Interpretation of its components

High j . . .
(jej“m) RT |J 'Jlim,cl RT Jlim,a
~ - - In — - In
ﬁconc Eoverall Eeq ConSt. (1 'aa)ZF |Jlim,c| GaZF jlim,a _j
dominates
RT li-Jimel| | RT o il | RT . jima | | RT o i
(1-a,)zF " imel || (1-agzF il 0,zF  jima—] | | %2ZF

| ] | ]
Y Y
constant constant
for j = jim for j = jim

The In of a number approaching infinity (or 0) is a very positive (or negative) value.
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Total overpotential and
Interpretation of its components

r’](_:onc
dominates

\ ' 'j:

~In(1-x) behavior 44



Summary review of B-V Equation with Mass
Transfer Effects: effect of Variables

jO, jlim

. aZF 8 - -(1-a))zF |
. J e
%zﬁ" e RT .. L Je RT
J Jim,a Jiim,c
Jiim,c
cathodic net
current '\ -04- 4 / current
L ~02Le”
4 _,_J»?'{ ~10C ~200 -300 -400
T e : Voltage
A
- " anodic
current
— 40,6
40.8
——————— +1.0 N
Jiim.a Current




Summary review of B-V Equation with Mass

Transfer Effects: effect of Variables

j J
—— =1 - = e
j© [ Jiim,a }

a,zF

-(1-0,)zF

=7 j
RT i E_ _ ]e RT
Jiim,c

......

400

300 200

U o
Effect of a ‘e’
* Slope
* Symmetry

L 102 Effect of j°

— +0.4
— +0.6
— +0.8

L +1.0
Current

Voltage

46



Summary review of B-V Equation with
Mass Transfer Effects: Overpotentials

Voltage
Eo |deal cell voltage
l ] . RT
Actual no-current n <<?
Open-circuit _I_ _______________ |_ o _cieﬂ \_/o_ltgg_e_ _ ,
voltage (OCV) I‘ }Kinetic losses don?i?%tes
I Ohmic losses Nohm
dominates
r’]gonc
Mass transport dominates
losses o >> RT
1 ,. Current zF
L'.,‘ ' ] diim density

o ~In(x) linear ~In(1-x) . _:
J == J“m behaViOI’ behaV|Or behaV|Or J J“m
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