Chapter 41 Electrochemical Kinetics: the Effects of Electrical Current

There are two major effects in an Electrochemical cell taken away from
equilibrium when current is passed, we have:

i) Ohmic voltage dropiRg) and el e
i) change in voltageh, at currentj, due to reaction resistande,.

These 2 resistances, R, created by passing currar,
1. Rc resistance of the electrolytéendependent of the voltage
2. R reaction resistancedependent on the voltage - i .
AR = E /i whereE, is the half cell reaction potential __°@ T @ -
AR is increasing polarization of electrodes with increasing current H < e c
=1 | [===

NS
a) g HO, L,

—2

1. Potentials atequilibriurfzero current)
The cell in figure 4.1 a) has Pt catalyzed hydrogen anode and Pt
catalyzed chlorine cathode in hydrochloric acid establishing an

emf b)
—___HF UL
At unit activity of electrolyte concentrations with the cell at rest Ry Re Ry
(zero current), the EMF of the cell is the standard cell voltage,
VO, : Fig. 4.1
0 — [EO,ChCF _ O, HHH, — a) Example of an electrochemical ce
\% cell E E +1.37V b) Equivalent circuit of this cell.

and the corresponding standard Gibbs free enéXgd, of the

reaction is:
DrGOZ -nFP 1



2 POtential Changes Wlth paSSing Of current Electrode Potentials and Electrical Current (cont.)

£ Chfer L:jﬂglz . . .
] roo Fig 4.2 Schematicrepresentationof the
s variationof cell voltagewith currentfor the
3 Ee= £+ X Inl caseof:
%‘, £ 2H' +26—H ‘T-;;-_I a) 3} g?:l\lzl/?-?(;g;rct{gﬁls ) cell basedon
EE ' . TIHZ ! !

b) anelectrolysiscellusinghydrochloric
acidsolutionasanelectrolyte

Current — Current—

a) b)
a) If the cell passes current by operating as a power sbyrening the two electrodes through a resistor
then thespontaneousell voltage decreases more and m@® more and more current is passed.
The potential of the hydrogen electrode will shift in the positive direction for the oxidation reaction
H> — 2H™ + 2e~  Transfer of electrons from the solution speciasode

while the potential of the chlorine electrode will be reduced (shifts negative) & Cl
electrochemically reduced toCl

Clh +2e~ — 2Cl  Transfer of electrons into the solution speeieathode

b) If the cell is operated in electrolysis mo(y imposing a voltage that is larger than the equilibrium EM
thenthe cell voltage increasesore and more as more and more fspontaneous current is being passe
The two cell reactions are increasingly driven in opposite potential directions with increasing curret

2CI" —Cl-+2¢”  Transfer of electrons from the solutieanode

2H" +2¢” = H; Transfer of electrons into the solutienathode



The ConceptafOverpotential (h)

Definition: The magnitude of the deviation of the electrode poterjalt an anode or cathode
from the equilibrium value of potential (also called rest or reversible vakje)s termed the

overpotential ) , defined as:
n=~F—F;

Different types obverpotential

AAt low current densitieghe rate of change of electrode potential with current is associated with the
limiting rate of electron transfer across the phase boundary between the electronically conducting

electrode and thienically conducting solution, and is termed #kectron transfepverpotential

A At higher current densitieshe electron transfer process is usually no longer rate limiting:
I) instead, limitations arise through slow transport of reactants from solution to the electrode surface or
conversely the slow transport of product away from the electohffegjonoverpotentia)
or

I1) through the inability of chemical reactions coupled to the electron transfer step to keepepatien(
overpotential . For example, fast Hreduction is rate limited by slow*Hlissociation from a weak acid, HA.



The MeasurementfOverpotential:
the CurremPotential Curve for a Single Electrode

The rest (equilibrium) potential, E, of a chlorine electrode
versusa hydrogenelectrodeis directly measuredising a high
impedancevoltmeterin a 2 electrodeconfiguration

The measuremenbf the potential E of the chlorine electrode |
when a current is flowing is more tricky. The measuredcell
voltage will include contributionsfrom the cell resistancejR,,
and overpotential of the chlorine electrode To minimize

contributionfrom iR,, a 3 electrodeconfigurationis used,where o

currentis passedetweenthe working chlorine electrodeandthe

hydrogen (counter) electrode, and potential of the working v
chlorineelectrodas measuredo athird referenceslectrodeusing T@/_Ref
azerocurrenthigh-impedanceroltmeter(seeFig. 4.3). L

Three electrode electrochemical cell: LW : C E

A W - working electrode b) %t |

A R -reference electrode )[A/ == ‘

A C - counter electrode

Fig. 4.3

(a) The experimental arrangement f
measurement of the electrode

The 3 electrodeconfiguration virtually allows observation of
the overpotential at the working electrodeonly.

Potentiostatic control in electrochemistry- control working potential upon passing a finite cu
electrodeE versusk, andmeasureesultingi betweenW andC.. (b) a simple circuit representation
Galvanostatiacontrolin electrochemistry controli andmeasure 4

resultingW (working electrodee versusR potential



The Measurement of Overpotential (cont.)

Current: Potential Characteristic of the Electrode

The variation of current with potential mA cm®

measured as aboveis termedthe current
potential characteristioof the electrode,and
such a characteristic,as measuredfor the
chlorine electrodeabove,is shownin the
Figuret.4. Clearly the linear drop potential
with currentshownin Fig 4.2 is NOT valid
for potentialgreaterthanafew mV from E ,
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Aat low overpotentials, the relationship
between | and E is approximately linear. _

Aor potentials more than a few mV from the
rest potential, the current potential
dependence is more complicated.

Q@ -— Overpotential . —= @

Electrode potential E. with respect to NHE —

Fig 4.4 The currentpotentialcharacteristidor a
chlorinespargedplatinum electrode of 1 cn?
areain aqueous$iCl. p,=latmayg =1



The Electron-Transfer Region of the (Cunrent-Potential (f / V) Curve

Consider a general process:
Ox+nez Red

A At equilibrium, the forward (cathodic) and the reverse (anodic) processes must be taking place
the same rate.

A As a result, a there is no net chemical conversion process taking place at the electrode, and th:
current is zero.

A If an reducing overpotential is now applied to the electrode, then the cathodic reaction rate
(current) will be increased and the anodic reaction rate slowedélownr vi ce ver s

A The result is that a net chemical convergioocess takes place at the electrode,
corresponding to a net current flows through the external circuit.

ElectronTransfer is a quantum mechanical effect:

Aathodic reactionan electron transfers from the conduction band of the metal directly into an
unoccupied molecular orbital of an ion or neutral molecule in the electrolyte on the electrode

Aanodic processs the reverse of this, with an electron transferred from an occupied molecular orbit:
of an ion or neutral molecule in the electrolyte on the electrode




Considerassimple election transfer-process ===

Initially,we will restrictourselvesto metallicelectrodesand to electrolytesolutionswith high
concentratiord salt,so thatthe changen potentiabetweerelectrod@andelectrolytes essentiall
restrictedo withinthe Helmholtiayer In thismodel|f electrodgotentiajoesfromE, to E,, then
potentialn metalchangesutis constanin the bulkleadingo the potentiatlistributioshownin

modifiedrig 3.15 below
€ (Me) For the half reaction below there is an electrode potential, |
f_*_/ rd)  Solvated
% T~ ions Ox+ ne z Red Eoyred
C—+4( i ?/ _ _
//i’r’ Clj -+ 26 - 2C1 ECIZ’CI—
— <
=2 Outer What are the effects of starting at pdigrihaly changingBp?

(\3)(] Helmholtz surface E2 _ l'jM - l,js
E, =Uy1-Us

A Theenergypfchargesg, iszg E
A Electrodpotentiak = D(i , innempotentiadrop

A ThefreeenergychangengoingromE, toE, is
X e— equatoDG=-nFDE.

Modifiedrig 3.15 Potentiatistributiofetween

electrodandouteiHelmholtzurface



Note: in Fig 4.5, sometimésor 1- b is used for the reduction process Electron-Transfer (cont.)
Initiallyyve will restricourselves$o metallieclectrodeandto
electrolytsolutionsvithhighconcentrationd salt,sothatthe A+B AB products

changein potentialbetweenelectrodeand electrolyteis _ . ,
. : . SxtneMe)z AC z S,y
essentialiestrictetb withitheHelmholtayer
) ) i i e- activated complex
Let now consider a simple chemical reaction: A<
.. Rudolf MarcugcalTech Nobel 1-5)"FDE
A + B Y A Bize 1990) _ (6)n
Al AndersonCwRu) >'
(which is general case of J OO0M PBrewmAkm)i s
Ox +ne Y activated compl eReraBabuenareaspusin_ DGY_(E,)
. . >
The ratep=k; c, g . Eyring activated complex 3 o
rate theory say¥ =k exp ¢(qiG; Y/RT), so the E, 4 Lid b&_Ey
overall rate of this reaction is: DE=E,-E,,’ §
. / II
0 “AG;‘F Es }'// .
Eqgn. 4.8 = l‘—t‘('A('B exXp _ / i 7 3
RT // eAMe) €~ redox system
7
/ /
. / -
If now the electrode potential is altered frémto E, / R
- / // . . W
A for a cathodic process: ,/ Rt Reaction coordinate/
/ H .
1 P S 1-5Yn E ’ -Fig. 4.5. Internal energy of an electron in an electrode du
Ean.49 NG (Ex) = AGT(£,) + (1-D) Aé’ R its transition from the electrode to a component of
Note well: SinceDE is negativeDGY_( E, ) ,’/ suitable redox couple in solution and during the
becomes less thddGy (E;) 7 reverse process occurring by an outer sphere pro
A for an anodic process. Note well: The change in potential fI’OE| to E2, corresponds in this figure to

an electrode potential shift to more negative values (resulting in a higher
overpotential, lower forward barrier to electron transfe@’_( E,) < DGY_( E,)
and higher forwardeduction ratelnet increases in reduction current]).

Note: b is the so called asymmetry paramdtbr 0.5 for aSYMMETRICTRANSITION) 8

Eqn. 4.10 AG* (£2) = AGY(E,) -b nF AE



We can proceed by calculating, the rate of the cathodic and anodic reactions usingegen-Transfer (cont.)
Eyring rate equation (eqn 4.8). The fldensity of Ox ig *(E,) at a potential E, , so

thenj - will be: g
—AG™ (E)) Eqn. 4.11, p. 164

RT

Knowing the straightforward relationship betweendtbheent density and the flux densityz= nFJ
gives the expression for the current dengityE,), in A/m? in which ai sign is for reduction current:

—A(}f (F )) Eqn. 4.12, p. 164

J(E)) = _('()x/\'[’|— - CXp

RT

Introducing the potential change frdi, to E , the current density becomes:
DG_(Ey)
A

i (!;‘1) = —Hl’('()xk{f - CXp (

[ |
B . AGT(E) 4+ (1 — BnF- AE
j (E5) = —nFcoxk, -exp{ — P Eqn. 4.13, p. 164

If the potentialE, is set equal to zero for the reference potential scale used in the experiment, ther
thereference electrode does not depend on factors subke aalue ekp-DG'_( E) can be treated as a
constardnd incorporated into our rate coristemihiake a new constgrand replacings; andDE by a
general potentidk gives for the reduction current density.

I (E) = —nFcox -k, -exp {— (- J))”FE} 4.14

RT
By an analogous process, we obtain for the anodic current:

. . +3nFE
[+(E) = f’lFCRed . k() - CXP {'TT‘*} 4_16

Note: value of rate constak} has an embeddembnstantand sdk,” depends on choice of zero of potential



Electron-Transfer (cont.)

Exchange cutrent.density,
Equations (4.14) and (4.16) describe the two partial currgn{Beasifi¢g) of opposite algebraic sign at ea
potential. It follows that at the rest pdigntreien the net current is zero, the two partial currents must be
equal and have the magnitude ofth#esbxchange current dengityit is important to recognize that the res
potential corresponds to a dynamic equilibrium and not to zero activity. At thie yélseporemtiaye express

for the exchange current densjtiand {,, given in egns. 4.17 and 4.18.

: . . _ (1 — I)nFE;
o - (Ey) = —ju = ﬁ”FCO—\'k() - EXp {4 RT 417
. . InFE,
+], IV (E) = +jo = +nFcereak, - exp {+ I;T } 4.18
Interesting side poik Af t er some rearrangement o fErégives eqniBd
RT k, RT coy 0_ RT k0 The Nernst Equation
E,.=—In—+—In where E F Eqn. 4.19 , p.165
nkF K. nk CRed ko Eqn. 3.19,p. 81

()

If we now write the actual electrode potentlalask, + A, whereh is the overpotential anf, the rest

potential as defined above, then 4.17 and 4
—(E) = Feo k. 7(1 — 3)nFE; B (1 — nkFy
J( = —nkFcovk, -exp BT RT 420
- . - InFE.  Inky
JE) = nFcreak,, -exp{ RT + 7 } 4.21

: : : 0
Egns. 4.20 and 4.21 are simplified next é’L



Electron-Transfer (cont,)

Finally, for a metal electrode in contact with its ions into the solution we can simplify Eqns. 4.20
and 4.21 using equations 4.14, 4.16 and the definition of exchange current density 4.17 and 4.18 :

A upon application of a negative overpotential we obtain (cathodic reaction)

(1-b)nFh
S

4.22a

J7(E) = —jo-exp {—

A upon application of a positive overpotential we obtain (anodic reaction)

N _ bnFh
B = o exp { e | 4.22b

Thenetcurrent},, foraredoxprocessvithbothredandoxforminthesolutionis thesumofj “(E) andj *(E), whichs
egn 4.23 theButleir'VolmeEquationrheButleir'VolmeEquations theelectrochemicakeequation

Theelectrachemicahrate;equatitime Butler VolmerEquation .

TheButleri Volmerequationgivesthe currentwhenanelectrodgpoisedta potentiak) is controlledby the
rateof electrorntransfer.

=t = o [exp{b”F”} —exp{—(l “")”F’JH 4.23 166

RT RT

11



Take @a/breath
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The Meaning of the Exchange Current Density, and the Asymmetry Parameterb

FrontheButleiVolmeequatiofeqi.23), itiscleathaté

Ahepartial(+or-) currentlensitiemcreaserdecreasexponentialyithoverpotential
Ahe steepnessf theriseor fall dependn the asymmetrgarametety as showrin Figh6
(experimentally isusuallyoundo bebetweef.4 and0.6).

,focontrasttheexchangeurrentlensityjo, isa multiplicatiiactoraffectindgpothbranches ~,
(+or-) ofthe curveequallyj0 Isgivenntermsofthe+and- j brancheseqn 4.24 below

;! vt (o -
_ AG™(E; AGY(Er) | eqn. 4.24 =e* 2
jo = nFeouky” exp — B Foreaky” exp | - R; q / :B j 05) :
A j,depends on concentration of species andtactivation at TR0
E, and it isj, that is increased when a reaction is catalyzed. 7
-n 0 +N
High overpotential, | #| >> RT/ nF,and Tafel Equation ;
For re_duction with a negligible anodic current, the total current e -jje - ‘1'7?72 n
be written as: _ _ (1 — 3nky
J = —Jo CXP{— RT }
Taking logarithms to the base 10, we obtain: ~31- /=009

2.303RT
(1 — )nF

_2.3[)3RT
(1 — 3nkF

} -logy /!

Egn. 4.27i the Tafel Equation

SEEL AN

n=A+ B _log, |/
equation

0.118 V is the Tafel slop®,

_(@d- H)nkF _
B for n=1 andt=0.5at 25C.

2.30RT

Relatively high rate of
reduction versus rate of

oxidation, also called
fiirreversible

Fig. 4.6Graphical representation of the two

partial equations and the ButlerVolms
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Tafel Equation Analysis s

The Tafel Equatioffor a cathodic processan be Ioglo J
rearranged to give eqn. 4.28:
(1-b)nF
log) /] = Tog,jo + 5 5 303RT |77 Eqn 4.28 Siope L2

and plotting log,| j | versus{l|(asinFig4.7gi v e ¢ 109372 d_
. —-n 1
. Joas the intercept on theaxis for |d|- O 10g10 7
Tt

b from evaluation of the slope\ 1-p)0F
Slope 23 o7

—10g4q/

By an analogous way of proceeding, we can derive Fig 4.7 Graphicaiepresentatiaf
the Tafelequationforb=0.5

the Tafel Equatiofior an anodic process at> >f—,: withthe currenplottecon a
logarithmigcale

2.303RT , 2.303RT _
————— -log,,jo + ——— -log,,/  Ean.4.30,

= —
Sk bnE Anodic Tafel

nkF Eqn. 4.31,
= s Anodich
2.303RT

log,,J = log,yjo +
14



