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Why mass transfer is important in electrochemistry?
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* [Introduction to mass transfer.

» Steady state voltammetry on a rotating disc (RDE).

* The microdisc electrode.

* A comparison of the RDE with microdisc electrodes.

* Migration - movement of charges due to an electric field.

e Summary.
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Migration: Steady State
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Chemical potential gradient (3“

Driving force (FD = - 3“):
X

Diffusional flux (J):



Which is the relationship between the flux and !He
concentration gradient?
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D= BRT [1 Ll } - Diffusion coefficient
dinC
electrolyte  D/10-5 cm2 s-1 (p/C molalidade)
0,05 0,1 0,2 0,5
HCl 3,07 3,05 3,06 3,18
LiCl 1,28 1,28 1,27 1,28
NacCl 1,51 1,48 1,48 1,47

D(C, T)~D(T)




Steady State: J(t) = cte e C(x,t) = cte, ¢/t
Out of ss regime?

Out




Second Fick Law - C(x,t)




e + O(SOI) —> R(SOI) t=0 CO = Cg

If the O suppy is not effective :

If the R dispersionis not effective \C3"¥ > CR
/

For t > O — Polarization for mass tranport




Diffusional flux given by the First Fick Law:

Diffusion coefficient

Nernst approximation

Mass transfer coefficient



Fast charge transfer, that is to say, not polarization by

activation, so fort > O B
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POTENTIAL STEP EXPERIMENTS

chronoamperometry and chronocoulomeiry

Time and distance are linked by diffusion. For example the
flux. J specifies how many moles cross unit area in unit time.

Basic principle

Take a solution containing only one component of the redox
couple e.g O

Make a step change in the electrode potential (hence the
boundary condition at the electrode surface) from a potential
at which there is no reaction of O to give R to one at which
electrochemical reaction occurs at the electrode consuming O
and making R

O+ne — R




A Potential step Experiment
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Choose conditions such that mass transport 15 dominated by diffusion.
Carry out the experiment at a macroscopic stationary electrode in a

quiescent solution containing an excess of background electrolyte,
hence

- NO convection

* N0 migration

- only one-dimensional diffusion



What happens?

Before the potential step. r < 0
- the concentration profiles are flat, dcy/dx =0

» there 15 no current flowing, / =0

After the potential step. 7 > 0

» O 1s consumed and R made at the electrode surface
» current flows

- concentration gradients are set up for O and R

- the concentration gradients change with time

« the current decreases with time as O near the electrode 1s consumed




Concentration profiles
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If Dy and Dy are the same. the concentration profiles for the
product are the mirror image of those for the reactant.
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The Cottrell equation

Solution of the 1-D diffusion problem

Fick's 2nd law D _a (: = Jc
ox-  or

r<0:clx.fny=c™

r>0:¢c(0r)=0

Boundary conditions
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Potential step 0.0 to +0.4 v vs SCE at a Pt electrode (area = 0.387
cm?) in pH 6 phosphate buffer containing 8.25 mM ferrocene
monocarboxylic acid



At short times:

in principle the current tends to infinity.

in practice the electrolyte resistance, R limits the

current and useful timescale is limited to > 5 ms by:
instrumental limitations (potentiostat)
double layer charging (R C,, time)

At long times:
in principle the current tends to zero.
in practice the useful timescale is limited to < 10 s due to
random convection:
vibration
thermal gradients

density gradients

Need special precautions to work outside this range




T'he concentration profile spreads out with time

Characteristic distance is given by diffusion layer thickness
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The time to diffuse a distance [ is of the order of [</tD

T'his 1s non-steady state behaviour




Conditions leading to a steady state

o Current # f{r) = flux of species to electrode # f{r)
— diffusion layer grows with time
— the final thickness and flux to electrode are constant

 Mass transport control
— diffusion control, e.g. microdisc electrode
— convection control, e.g. RDE



Controlled mass transport

» techniques based on hydrodynamic control
— rotating disc electrode, RDE
— rotating ring disc electrode, RRDE
— channel flow cell, efc...

» techniques based on diffusion control
— microdisc electrode
— thin layer cells
— scanning electrochemical microscope, SECM

All the above techniques control

or measure the mass transport
coefficient:




Steady state voltammetry
on a rotating disc

Current

Potential

(@

» amperometric current independent of time~ *
* unigue current — potential relationship
 current reaches a limit, Z,

forward & back scans are identical

L
—

=" voltammogram simpler to analyse




Well defined hydrodynamics
(forced convection)
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Flow velocxies, v, v and v, af the RDE. The distance is
rommalised with the i;.coqm lexgih, Z where Z, =
(a2, Vector
. representation of
electrode is fluid velocities
uniformly near disc.

accessible




Convective — diffusion theory

In cylindrical polar coordinates, the system 1s described as

dc _|dc dc 1dc ddc| | dc v,dc dc|
_=D| 3 3 B + ~ |_|."r + +"‘A._|
at \dz= dr- rdr 6 ) \ "Jdr r d6 “Jdz)
diffusion convection
o . a° d
This simplifies to D&—i— v, 7€ — 0 because

-~ -

e disc symmetric w.rt. 6 so terms in dc/dB equal zero
¢ conditions on entire disc are uniform so dc/dr = 0 and d*c/dr® = 0
e for small disc v, independent of r
* for steady state experiments dc/dt =0
* moreover near electrode, 1.e. Z small

Solving this equation with boundary conditions appropriate to

electrochemical experiments yields concentration profile




The Nernst diffusion layer
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Equivalent and real concentration profiles at the RDE, showing the
well stirred bulk where convection dominates and the thin stagnant
layer at the electrode surface where diffusion dominates.




Voltammogram: reversible reaction

Concentration profile for reactant, R and product,
. X O, ar a RDE ar different positions along the
) voltammetric wave with w = const.

o —————




Influence of rotation rate
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Mass transfer coeff. at the RDE

- = — 0.201 Dy 16,17
m , 173, 1/6. -1/2 s
O 493D v''w
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w, < w,, the higher the rotation rate, the thinner the Nernst

diffusion layer, the greater the rate of mass transport and the
ereater the limiting current.
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Levich eq. for the limiting current

Derive limiting current from concentration profile

™~
I, =0.201 nFAD**v "*c™w'* win rpm
IL — U. 1 IIFAD 1 ,—1/6 0’(01."2 0) ill l‘ad S-l >" LC\'lCh eq.
I, =1554nFAD* v "°c"W'* WinHz
160
120
i1g Levich plot for 1e oxidation
~ -
@ of a typical 1 mM redox
0 couple 1in aqueous solution.
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The Microdisc electrode

* Properties affected by the size
— Mass transport regime
— Discrimination against charging current
— Decreased distortion from /R, drop

* Electrode: Pt, Au, C, Ag, Ni, Cu, Hgon C, Pd, W

* Insulator: Glass, epoxy resin, wax

Epoxy resin

wire 0.1-50 ym ©@

Indium

Copper
2 cm WIre

v

&
-




Disc: diffusion regime ()

Diffusion regimes following a potential step to a microdisc

* planar diffusion at short times
* transition from planar to quasi-hemispherical

* hemi-spherical diffusion at long times = steady state




Disc: diffusion regimes (ll)
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N
Mass transfer coeff. at microdiscs

K, = in cm s

e r verysmall so k_very high
« much greater than that of other steady state techniques

e possible to investigate fast processes in the steady state

— rate of fast e” transfer
— rate of fast homogeneous reactions

 conventional electrodes need transient techniques to achieve
same rate of mass transport



Smaller microdiscs =sooner steady state

Time when steady state 1s reached
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Suposi¢oes:
A A
D +sol>D +
Rapida incorporacao das
especies Ao filme de
oxido

filme

SUBSTRATO |FILMEDE OXIDO| py RTROLITO

Formacao do par 10nico
(A" e°) na interface 6xido-
eletrolito

Difusdao do par 10nico
atraves do oxido

Par 10nico encontra sitios
M™  originando  sitios
M(+2n-1)
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aX ot axz
Condicoes de contorno :
C=C,parax=Let=0 Z—C:OparaX:OetZO
X

J=—D(a—cj 1= ZFJ——ZFD(aCj
@X x=L @X <=1




-D(2n+1)* 7% t >00{(2n+1)7t x}
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D=1x10"13 cm?s!







L=30nm-D =1x10"1 ¢m? s’!
C,=1 mol cm?
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8X ot axz
Condicoes de contorno :

C=C,parax et=0 C=0parax=0et>0

C=C,parax > et>0










D =1x10"° ¢m? s!
C, = 1x105 molem?

]
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difusdo semi-infinita

difusao finita

100
t/s




