The concentration profiles

Cox(x, O) — ng

X
C,,(x,t) =Cp, er
O( ) Ox f[z\/m]

 Time-dependent concentration
profiles near the electrode
surface (as a function of the
distance)

D, =1x10” cm?/s

t=0.1s

* Oxdepletion at the surface with
increasing times

t=1s

 The slope of each concentration
profile indicates the Ox
of the step potential . .
W | | , r | concentration gradient
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 (aCOX (x’ t)/ax) at various t
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Time after the application
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The concentration profiles

COx(x' O) — ng

X
C,,(x,t) =Cp, er
o( ) Ox f[zm]

* Profiles asymptotically tend to
D,, = 1x10° cm?/s Co, ¥ value
t=0.1s

aCc)x(x t) _ » Cox(x,t) = Coy

t=1s

Time after the application  «  Time-dependent thickness of

of the step potential the diffusion layer, which can
L L | I I I | | . .
005 0.4 0.8 12 1.6 2.0 2.4 28 be defined in terms of VD, t (=
x, emx 103
6vD,,t)
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The Cottrell Equation

C,,(x,5) =

nFA

ax

_]Ox(o» t) = ; = Doy (

aCOx (x; t))
x=0

i(s) _ 5 dCp,(x,5s) _p ~ Cox
nFA o Ox S 1/2

Ox

1
nFADM?2c;. ™ nFADyL Coy

I(s) = 12 ‘ i(t) = T1/2¢1/2

Cottrell Equation




F. G. Cottrell
(1877 - 1948)

The Cottrell Equation

nFADS2C,

m1/2¢1/2

i(t) =

e Effect of depletion of Ox near the surface

" * Faradaic current inversely proportional to

t1/2 (i decrease with time)

* The linear dependence of i vs. 1/t¥/2 s
diagnostic test for diffusion-controlled
electrochemical process

K e Cottrell behaviour not observed at very
short times due to capacitive or non-
faradaic current (“charging” current),

ic X 1/exp(t)




Chronoamperometry

nFAD?C;
i(t) = e

ml/2¢1/2

Diffusion-limited current at E,

v

v

t, Current recorded as a

t, function of time

»

v

Mass-transfer limited

current




Steady-state mass transfer: limiting current

Steady-state conditions: the species concentrations do not vary over time (but
only with the distance from the electrode surface), i.e. the overall reaction rate

(current) is time-independent

*
Cox
COx i
. E Bulk
tagnant . (well mixed)
diffusion layer |
0 Xx=06 X

Nernst diffusion layer

0Coy (x)
Ve = Doy Ox
x=0

/ \

Rate of mass transfer Ox concentration gradient at
the surface

Dy i
Umt = Tx (COx — COx(x — O))
N

Mass transfer coefficient

(m;)

[cm/s] Same units as k°!!



Steady-state mass transfer: limiting current
DOx * *
Umt = T (COx - COx(x — O)) — mT,Ox(COx - COx(x — O))

Ox + ne- = Red

T, T T T l
Ve = M7,0x(Cox ~1Cox(x = 0)) =
_________ i .
mr Red(CRed (X = 01 CRed) — nFA Red is produced
________ (Cx=0> C*)

Potential-dependent terms



Steady-state mass transfer: limiting current

n — —oo » Cox(x=0)=0 » Maximum v, , maximum i =i,

nFAD,C}, » Cox(x =0) _ .
) ng iL

iL = nFkA mT,Ox C;x =

Limiting current
 maximum rate of the electrode process (dictated by mass- Cor(x=0)=0 fori=i, (maxi, 5 — —)
transfer kinetics)

* Ox gets reduced immediately as it reaches x = O (fast ET kinetics) Cox(x =0) = Cy, fori=0 (n—0)

nkF

Nernst-type Equation

...Recall... RT N
E — EO 4+ — ln OX( ) ) .
Creq(0,t) Nernstian redox system



Steady-state i-E curves for a Nernstian redox system

CASE STUDY - only Ox is present at t = 0 (both Ox and Red are soluble)

Ox

1) iL: nFA mT,Ox Csx

2) Cox(x = 0) —q L
CSx l

i i i
M Rea(Crea(¥ = 0) = %) ~ nFA » - Crealx =0)= FAMreq | h
' /

_________________________________________________

F= B + o (0x 20 » po g0 4 B (it ) (P e
nF  \Crea(x = 0) nF = \npAmr o, i

substitution




Steady-state i-E curves for a Nernstian redox system

. . RT [(m CRT  [i, —i
E = o ——ln( T’0x>l+—ln<L_ l)

l

RT i i E,,, is independent on the Ox/Red
Half-wave potential E=Eip+—lin ( L : ) concentrations and is therefore
nr : characteristic of the Ox/Red couple
MT (diffusion) controls
the rate of the process . .
Cathodic (N L= lL/Z » E = El/Z

A

[ ]

W
Eqp E

Half-wave

!/
Mmr,ox =~ Mr Red » Eq/p = E°

sz E
(=) ——=

log [(i, — i)/i]

nF

~ (T =298 K)
2.3RT  59mV

ET (charge transfer) controls " — Slope =
the rate of the process

Bard & Faulkner, 2" Ed., Wiley, 2001
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Effect of mass transfer on the i-n curves

Butler-Volmer

Mass transfer
(diffusion)

i = .OI{COx(O' t)i a%n E_ICRed (O» t]“
C* | k [

Total current
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Charge transfer



Effect of mass transfer on the i-n curves

Butler-Volmer L= io{ C e "RT' —I C* 1€ ]
L__20% L__Red
Cox(x=0) _ @ Crea(x=0) i
ng iL,c CI;ed iL,a



Effect of mass transfer on the i-n curves

No mass transfer effect

..Recall...
j, uAlem?®
1 = -6 2
jo=103 A/cm? Jo = 107 Afem ,
\ ;’l
r
£
AL
4""
ra
400 300 200 100 e
| L | | | b=t
e ~100 —200 ~300 ~400
1"” — -2 n, mv
I’!
;’f — —4
r
[

! 6

a=0.5
-8

jo =107 A/cm?
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Effect of mass transfer on the i-n curves

Normalizedi <€— ilj

” ’ - -"_.- ’fﬂ"
T Y 7/ /
i 08 /

0.4 // y 4 Effects of mass transfer
,’
0.2 HA ..-f/
400 300 200 100 ~
1 | | == | i |
~100 ~200 ~300 ~400
/.f’ n, mV
// Ox + e~ =— Red
// / a=0.5
e T=298K
, / FTeTenh
e // le="La=11

.—ﬁ:—:"# —_— - .
—— 1.0 Bard & Faulkner, 2" Ed., Wiley, 2001



Charge transfer vs. Mass transfer

i Cox(O0, t) JSF Crea(0, )
Butler-Volmer — =% aRrl — _E€ o1~ “)RT"
lo Ox Red

Small n approximation ‘ linearization (Taylor expansion)

i . COx(O' t) _ CRed (O' t) F

- X X — o1
Lo Ox Red RT
Considering ... Cox (*O’ D _ 1—— CRed*(O’ t_ 1——
Cox Lic CRea Ua

...we can rearrange in the form... _RT ( 1 1 1 )



Charge transfer vs. Mass transfer

_ .RT(1 1 1 )
n__lT a-l_iLc_iLa » n=-1 (RCt+Rmt'C+Rmt'“)
, ’ / b Y d

RT
Charge-transfer resistance R, = ( _ ) ( RT )
TI,FlO mt =

-~ \nF|ig|

Mass-transfer resistance

Ip>>1, » R.<<R,,; (concentration n nearE,)

I, <<I, » R.>>R,, (activation or charge-transfer n near E,,)



Charge transfer vs. Mass transfer

The shape of i-n curves (voltammograms) depends on the relative values of k? and m;=D/6

Ox + ne- == Red

m;=D/6
OX*(bulk) —_— OX(x=0) Mass Transport
k
OXy-0)+ NE” —Ifi\ Red,, Electron transfer
Ox

* Electrochemical reversibility (k® >> m;) (i,/i, = oo): fast ET kinetics compared to mass
transport (negligible ET activation barrier, k° > 2:10™* m/s), so that diffusive mass transfer
is rate-limiting

* Electrochemical irreversibility (k® << m;) (i,/i, = 0): sluggish ET kinetics (large ET
activation barrier, k? < 5:10~7 m/s) compared to mass transport, so that charge transfer
becomes rate-limiting

* Electrochemical quasi-reversibility (k® = m;): intermediate cases
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