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06-Butler-Volmer Equation for Multi Step Multi-Electron Rexn (Complex)

M.Sc (Chemistry)
ELECTRODE KINETICS - ELECTRODICS-II

LECTURE NOTES

MULTI STEP MULTI-ELECTRON REACTION (Complex)

The Multi Step Multi-Electron Reaction is termed complex in the sense the rate
determining step (RDS) itself can be a multi-step reaction occurring in v number of
times, known as stoichiometric number.

This reaction scheme differs only in the RDS step

Consider a multi electron reaction, A + ne — Z occurring as follows:

A,

I - =

A +e~ BStep-1
ki N

ko \z»
B+e=— C Step-2

k> Q
_>
------ -—- Number of steps BEFORE rds = v

- _’
P + e =, R Step-y
N .
kr
v( R+ re & S) RDS repeated v (stoichiometric number) times with r electron(s)
ks each time

NB- r Electrons in the rds step will be added in r ways totaling to rv steps with
rv electrons

<« >

S+e = T Step: Y= (n - ¥- rv) <

------ Number of steps AFTER rds = 7y

Y+ e =  Z Step:n
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06-Butler-Volmer Equation for Multi Step Multi-Electron Rexn (Complex)

Note: Even in a multi-step reaction, a step will occur with the addition only one
electron in each step.

»> <+ »> <
Ye +rve +Ye = ne; so that Y+rv+y=n
Applying law of mass of action to the equilibrium steps

_>i =<i_ = i, (for all equilibrium steps) = nF v = nF{k.conc}

NB: k = (kyT/h) exp(-AG*/RT)
AG*: AG*C + AG*ec
Where, AG*ec = (1-B)FA¢ or (-B)FA®
So that the term with AG*.is taken as the chemical reaction rate
constants (ki, k.1, ko, koa,.....)
) > <+ et
i.e., nFv=nFv (for all equilibrium steps)

Let (1-p) and B be the symmetry factors of the anodi “and cathodic steps respectively

FkiCae PFAY/RT = Fi  CpeI-PIFAG/RT  for théofirst equilibrium step
Cp = K Cpe FAO/RT %\z»
Cc = KoCpe FAO/RT - KlK@? FAQ/RT (and gtep of the reaction)

T Lad

Cpb = K1K2K3C¢&e@¢ /RT (3" step of the reaction)
_ Q
Hence, coming to th%%p before rds
_>
v >
C'r =1 KiCaeVFA/RT 1
i=1

NB-R Builds up v number of times and appears v number of times for rds to occur

> 1

Y >
Hence, Cr = { [] KiCA} e  (YOFAQ/RT . 2
i=1

. .. . »>
The forward electrochemical rate of rds is given by its forward current, 1r

;; _ Fl_:R Cr e BFAQ/RT
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06-Butler-Volmer Equation for Multi Step Multi-Electron Rexn (Complex)

{Note the appearance of r in the RDS current as no of electrons in the
rds.The exponential term is free energy which is extensive depending on the
number of electrons, r}

Substituting for Cr as from eq-2

> 1/ v

»> L >

ir=Fkr | [] KiCa e (YO FAURT o -rfFAQ/RT | iiiieieieeeeeeeeeene 3
i=1

Replacing A¢ by (Ade + 1) we get

_’
i;; = doexp{-(yv + r)Fn/ RT} “For the forward step of rds’................ 4

The same reasoning can be applied to all the back ‘@reactions of the equilibrium
steps from the last (n™) step back to the reverse step o%@?v

v times(Z to S ). ?3
So that Q

Yoot | o <O

Cs=| [IKi Cz e”“’Q AOIRT o eevnrnreeeeens 5 ( Similar to eq-2 above)

i=n a Q’&

N.B-“S has to appear v number of times for rds as mentioned above”

viz., S = R + re which occurs

The reverse electrochemical rate of rds is given by, is

iS — F kSCS e T (]—B)FA¢/RT

(For the anodic process, symmetric factor is (I1-p) ,the free energy term is
taken as positive and gets multiplied by r as it is an extensive quantity)

Substituting for Cs as above

1/v

« >
Y=n-Y¥-10 <
% = Pk |TI K Cy o (Y/OFAQRT 1 (1-B)FAQRT

i=n
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06-Butler-Volmer Equation for Multi Step Multi-Electron Rexn (Complex)

Replacing A¢ by (Ade + 1) we get
<+ . <
1= ioexp{[(Yv)+ r-tf] FN/RT} “For the reverse step of RDS” .....ccccvuieiveininiienanns 8

The net reaction rate= Rate of rds = The net current at rds , irds

1=1ds =1S - 1R

= iof exp{[(?/ v)+ r-rB)]Fn/RT}- exp{—[_y>/ v +1B]FNn/RT }

“— -
i= io[eaF n/RT _ e o Fn/RT]

Where?x_ = (;_/ v)+r-1f =[( n—?—ro) /o] +1-1f = [( n:§) /v]-rP3
% = (7/ V) + 1P ‘z‘?
So that (<x_+ & = n/v \Z~\,) ............................. 10

. < »>
The parameters in eq-9 o & o are the c1ents of “Fn/RT” in the Butler Volmer
equation and are called transfer coeffi cze&ts e transfer coefficients, similar to symmetry

factor, are the slopes of log i vs m (Tafel slope) — useful in the determination on mechanism

of reaction
<+ > &’
i = io[eX¥WRT _ ¢ @ Fn/RT] Q

<

NB:- For an elementary mulfistep reaction,
. . <+ >
i = iof exp{[(Y+ 1-BIFN/RT}- exp{-[(y +BIFn/RT }
For an complex multistep reaction,

i = io{ exp{[&/v)+ r-rB]Fn/RT}- exp{—[(-;/v) +rB]IFN/RT }

% le.in the case of complex multistep reaction, the 7y terms get divided by v and

the symmetry terms get multiplied by r.
HFA

4_

Ini=Ini,+ aFn/RT “at high + ve 1" Anodic behavior Tafel equation
_>

Ini=Inio- aFN/RT “athigh—ven” Cathodic behavior Tafel equation

4_
Hence, plot of “Ini1 vsM” should give o and & from slope and i, from the intercept.
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The above General Butler Volmer equation for a multi-electron process
(both category) get reduced to simple Butler Volmer for a one electron single step process

as

i= io(e (1-B) Fn/RT _ e-ﬁF’q/RT)

For n = 1(one electron reaction); Number electrons in rds , r = 1; v = 1 rds occurs once

> <
with one electron . No steps before and after rds i.e., Yy =0, y=0.

<+ >
Where o0 = [(n-y)/v]-tf = (1- B)

& =(_;/U)+1‘B =B

.. <+ > . A
The sum of the transfer coefficients, &0 + o , will be g%ﬁ:r than or equal to one (The

number of times rds that occurs will be less than the to@mber of electrons added in the

reaction i.e., v < n) ‘4/ z

<« >
o+0o =nv>1

But, the sum of the symmetry factor will always be equal to one: (1-f) + =1
Q&Q&
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