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Outline

« The electrical behavior of the bulk liquid

« Metal — liquid interface: double-layer capacitance
* Potential drop across the electrode-liquid interface
* Charge transfer at the interface

« Current-Voltage relation

« Mass transfer

« Response to a potential step (amperometry)

« Response to a potential sweep (voltammetry)

« Small signal equivalent circuit (impedance spectroscopy)
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An Interfacial Process

For:

PO

O + ne & R 5 separate events must occur:
O must be successfully transported from bulk solution (mass transport)

O must adsorb transiently onto electrode surface (non-faradaic); Chemical
reactions preceding or following the electron transfer (e.g., protonation or
dimerization or catalytic decomposition) on the electrode surface.

CT must occur between electrode and O (faradaic)
R must desorb from electrode surface (non-faradaic)
R must be transported away (mass transport

Electrode surface region Bulk solution
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Standard electrochemical setup

K1 Working Electrode

(sense & drive shorted) Counter
(drive)

Signal Ground

Reference (DC Common)

~ Unused K2 Electrode
(sense & drive shorted)

For practical reasons the distance between the electrodes is ~ cm

cm? cm? | | Silicon:
u=5s- 10—4V— D ~107>— || u=1000 cm?/Vs
S S D = 20 cm?/s
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Time to pass through the cell

Example: K*
n= 7.6 10 cm?/s, D=2 10> cm?/s

Particles move slowly,
a non-stationary condition

IS common!

Diffusion limited: (space = V2Dt)

L= 1cm: - transit time = 7h !l [Silicon: = 25ms]

L= 10um: - transit time = 25ms [Silicon: = 25ns]
Drift [imited:

1V applied - electric field =~ 1V/IL - velocity = u 1V /L

L= 1cm: - transit time = 20 min !!! [Silicon: = 1us]

L= 10um: - transit time = 1ms [Silicon: = 1ns]
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The importance of the mass transfer

Vet ™

+ ‘
current

Assuming:
« current controlled by the reaction at
the left planar electrode (area A)

R>0+e ©->0

V-V, = AV= +100mV
Cr = 1mM, C,=0 uniform at t=0s
ko = 1cm/s, a=0.5, yg=5-10* cm?/Vs

(1-a)qAV = A aN. oy s
_ _ (1—a)qAV Veor
lelectrode = lR,solution » koe kT = » Vior = 138kV 11!

Arrival rate of species R lower than the kinetics at the electrode
— Cy, at the surface will decrease



Current: Mass-Transfer Effects

1/
I

Pure electron transfer ~

\

Mass-transport control

—

Ck(0) decreases

Co(0) decreases
Mass-transport control

Butler-Volmer:

| = qNapAko (G (0)e =DV VAT _ gy (0)maalv-v*)/r ]
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Mass transfer mechanism

= Diffusion: concentration gradient e
__.—-._':;—o_.-o ..
. . . . . . 1= Migration _@ e_ ..@
= Migration: electric field + charged particle ¥4_—_g
- o— e ®
/ —® -0
. 4 o=° o- |
= Convection e R
- Natural e @'—@
 Mechanical N AR

Wang, Analytical Electrochemistry

What is the most important factor?

The natural convection is negligible near the interface
(stagnant layer)
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Dominant mass transfer mechanism

Diffusion or drift?

For simplicity (interpretation, experim. setup) or
for necessity, the mass transfer of the electroactive

species is very often controlled by diffusion

Vext/‘\
+\_/

current

Necessity: example 1

Neutral redox species, no drift!
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Dominant mass transfer mechanism

Diffusion or drift?

For simplicity (interpretation, experim. setup) or
for necessity, the mass transfer of the electroactive

species is very often controlled by diffusion

Vext/‘\
+\_/

current

Necessity: example 1

Neutral redox species, no drift!

or
“wrong” charge of redox species!
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Mass transfer mechanism

Diffusion or drift?

For simplicity (interpretation, experim. setup) and/or
for necessity, the mass transfer of the electroactive
species is very often controlled by diffusion

Vext/\ Example 2
Gy, Common condition in biosensing
and analytical chemistry:
current

Electrolyte + redox species

Target: redox species
Electrolyte: PBS, ion-rich solvent

Claim: we are limited by diffusion
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What are we measuring?

. V.,
1 ml of PBS contains: 24

3.10%2 water molecules current
= 1020 Na*, Cl ions
~ 1018 K* ions

6-1013 H* ions (pH=7)

...and maybe the target is ...

1uM= 6 10 redox species 108 specific antibodies

1nM= 6 10 redox species 1(;6FDI\;APse_que_nce; -
j . <1 Food Poisoning Pathogens
— 8

1pM=6 10° redox species (Salmonella, E. coli,...)

(assuming charge transfer is related to the target concentration)
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Example

Electrolyte: KCI, Cy=1M

s = Ue = 7-104 cm?/Vs

Redox species: K;[Fe(CN) ],

Crecny=1mM

Hrecny = 107 cm?/Vs

Electrodes: Ag/AgCIl and gold

Reactions: gold electrode:

[Fe(CN)s]>+e s [Fe(CN) ]+

AgCl electrode: AgCl+e s Ag+Cl
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Balance sheet - supporting electrolyte

ext ' lon: K*, CI >
X~ lons in solution: K*, CI-, [Fe(CN)]

U CFe(CN):O'001CCI- M= = 0.7 HEecny
€O.e 10-e

Let us assume a current of 10-e/s

+ electric field E -
10 e <4— <—1—10e
AgClte €Ag+Cl, [10CE  10IFE(CN)TY e s-+e>Fe(CN)g*
4.99K*
_4.99Cr
0.02 [Fe(CN)4J*

10 charges per second everywhere

IK + ICl + IFB(CN)6 = 10 e/S
qNgyCrugE + qNgy, Cortici E + 3qNavCFe(CN) UFEe(CN) E=10e/s




Balance sheet - supporting electrolyte

ext ' lon: K*, CI >
X~ lons in solution: K*, CI-, [Fe(CN)]

u CFe(CN):O'001CCI- M= = 0.7 HEecny
€O.e 10-e

Let us assume a current of 10-e/s

+ electric field E -
10 e «<1+— <—1+—10e
- 3-
AGCl+e €Ag+Cly, |LOCK 10 [Fe(CN)6I] [Fe(CN)eJ>-+e>[Fe(CN)g*
4.99K*
_4.99Cr
0.02 [Fe(CN)4J*

10 charges per second everywhere

The drift alone CANNOT sustain the charge transport
The electrolyte ions shield the redox species = limited effect of E




Balance sheet - supporting electrolyte

V

ext

lons in solution: K*, CI-, [Fe(CN)g]*

+ -
\_/

10-

Let us assu

€O-e
Ag/AgCI ‘

2

|Au

_|_
10 e <—

AgCl+e €Ag)+Cl

%

electric field‘

e.

3-
10 [Fe(CN)g]
=5K*

10CI

=5Cl-

Crecny=0.001C,.

>

H+=Her. = 0.7 precn)

me a current of 10-e/s

— 10 e

[Fe(CN) > +e>[Fe(CN)g*

CCI-

10 charges per second

everywhere
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Balance sheet - supporting electrolyte
V

u CFe(CN):O'001CCI- M= = 0.7 HEecny
€O.e 10-e

| Let us assume a current of 10-e/s
Ag/AgCl ‘ |Au

ext ' lon: K*, CI >
P lons in solution: K*, CI-, [Fe(CN)]

+ electric field‘ -
10 e «<{— <—1+—10e
AgClHe €Agy+Cl,q L1OCT 10 [Fe(CN)] (Fe(CN) e +e> [Fe(CN)G*
~5K* |
~5CI-
~5K* -=k+ | Current limited
~5Cl ~5Ck] by diffusion of
HOFeld [Fe(CN)y]3- at this
$10[Fel*| .
Interface

diffusion diffusion



Response to a potential step

Consider: O+e $ R Electrode
Assume: voltage V O
Co=0,Cgr=Cg" fort<O e <
V(t<0)<<V?;  V(t>0) >>V? j.e. negligible reduction R
Nernstian reaction: C5(x=0), Cr(x=0) determined by Nernst eq.
V A I N
\/0
""""""""""""""""""""""""""""""""""" current ?
time time
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Response to a potential step

Consider: O+e 5 R Electrode
Assume: voltage V O
Co=0,Cgr=Cg" fort<O e C
V(t<0)<<V?;  V(t>0) >>V? j.e. negligible reduction R

Nernstian reaction: C5(x=0), Cr(x=0) determined by Nernst eq.
V1 | 1
\/0
""""""""""""""""""""""""""""""""""" current ?
time time
t<0 #0 = 0 #0

i = qN,, Ak, [CR(O)e(l‘“N(V-V"')/ KT _ CO(O)e‘“‘I(V—V"')/ kT]
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Response to a potential step

Consider: O+e $ R Electrode
Assume: voltage V O
Co=0,Cgr=Cg" fort<O e C
V(t<0)<<V?;  V(t>0) >>V? j.e. negligible reduction R

Nernstian reaction: C5(x=0), Cr(x=0) determined by Nernst eq.
V1 | 1
\/0
""""""""""""""""""""""""""""""""""" current ?
time time
t=0 Crbulk >0 0 ~0

i = qN,, Ak, [CR(O)e(l‘“N(V-V"')/ KT _ CO(O)e‘“‘I(V—V"')/ kT]
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Potential step: concentration profile

Téé@@@laﬁ

" 06 | =

0.2 ' m

0 | \ \ | | | | | |
20 40 60 80 100 120 140 160 180 200

Surface distance [a.u.]

0 | | | \ \ | | | |
0.5 1 135 2 25 3 3.5 4 45 5

Time [a.u.] x10*
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Cottrell equation

Cr reaction (current flow) causes
5(ty) 5(t3) a depletion (thickness o) of R
=0 e+ that increases with the time
Cr
N Cr — Cr(x = 0)
i(t) = nFADg 500
t3>t,>1,>0 c
(t) ~ nFADg —
« R5(1)
0 X
- g 5(t)
Depletion of R = total charge: j idt ~ nFACET
0
. o FAC*ldc?(t)
Differentianting: i(t) =n RS p rD—
. R 4
d5(t)  2Dg B i(t) =nFA |—Cp
7 ~ m = 6(t) = 2,/Dypt \ 4t
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Limit current

| 1 Electrode \

depletion layer increases _ _{
with the time Stagnant solution

Diffusion layer 1

Y f

~ <

The final current is not zero in real exper s

why?

- geometrical effects (see lesson on nanoelectrochemistry)
- natural convection limits the layer thickness at about 56,=100-500pum (not
well controlled!)
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Current — planar electrode

*

Limiting current: i, = nFADy 6_R » meas. of Cr
0

(amperometry)

Slow response to a step voltage (better work with a constant voltage)

52
assuming D=2-10> cm?/s, 5,=500um » t; = ﬁ =31s
R
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Double Layer vs. Diffusion

metal double layer bulk solution
@0 ®

AV
tim

CDV

AV
tim

CDV

Double layer requires charge, no necessarily redox species!
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Double layer charging

N

AV

>L\ im&  charging of C, through the ions
+v' of the supporting electrolyte

Q (drift)
!

B | _H o H_| B “fast” exponential transient

Vinterfaces Icharging

| V(=)

A== == -
2t
AV V(o) — AV e Rso'Cai

time time
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Step response of a planar electrode

i(t) T Charging of the double-layer

3SMmA

exp(—t/t

electrode kinetics

sol diffusion

POLITECNICO MILANO 1863

i; =121nA
| time >
~30s
depletion

thickness limit

Assuming:

AV=0.5V

Cr*=100uM

D=2-10-° cm?/s, 6,=500um
Ppes = 60 Q-cm

Cy4'= 0.1pF/um?

r=1mm (disk electrode)

J

R.= pl4r = 1500
C,= 314nF

g
T — RSO|. Cd| - 47“8
85

thE=31S

= 3mA

i(0) ~
Rso1
i = nFADR(S—R = 121nA
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Response to a potential sweep

Consider: O+e $ R Electrode
Assume: Voltage V O
Co=0,Cgr=Cg" fort<O e <
V(t<0)<<V© R
Nernstian reaction: C5(x=0), Cr(x=0) determined by Nernst eq.
I
V A | i\ I
I
I
)
/
current ? /
/I
—— //
> ———— >
time time

i = qN,, Ak, [CR(O)e(l‘“N(V-V"')/ KT _ CO(O)e‘“‘I(V—V"')/ kT]
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Concentration profile

C* t=0
Electron f" g
transfer 4 £
limited i / 2
_ | <

3 ©

3 m

Z =

- // _time oc potential =

= o

g =

3 =)

s g
Diffusion ‘V/ 10}
limited E
— m

Distance From Electrode g
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Peaked Current Profile

=
th
S
E Kinetic-
3 controlled diffusion-controlled
Exponential rise e TT T T
with potential ~ slow sweep or small electrodes

(see nanoelec. lesson)

Bockris, Reddy - Modern Electrochemistry

1 >
\ Potential &« time
C,4 charging: i=C,, - dV/dt = constant
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Peaked Current Profile

Diffusicn effect
( begins to dominate
Peak current o« Cy
Beginning of naticeable
effect of diffusion as

i, falls with time diffusion-controlled
Peak\potential

related\to V, Rate controlled
largely by iLJ/

kinetic-
controlled

Current density

Exponential nse

| Peak shape related to the
with potential

speed of the electron transfer
(cyclic voltammetry, see
Carminati’'s lesson)

Bockris, Reddy - Modern Electrochemistry

A
\ Potential &« time
C,4 charging: i=C,, - dV/dt = constant

y
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What about impedance spectra?

From the previous lesson WITHOUT mass transfer

10°; | Cs
] //CPE
charge \ oL
o® -transfer WW
; Double-layer S
-\ R /
=) (CPE) ct
N
10* - . .
; R solution ;
C.
103 Ll Ll Ll Ll Ll Ll Ll
10’ 10° 10° 10% 10° 10° 10’ 10°

Frequency [HZz]
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Equivalent Circuit: Charge Transfer

The impedance concept requires a linear system} Small signal

Electrode kinetics gives a non-linear behavior _ ‘ ,
" linearization
I

aV
Rey = ==

working point

i =i (e—anq(V—Veq)/kT _ e—(l—a)nq(V—Veq)/kT)
iO — CINAvAkocé_acg

A stationary condition is more »
easily obtained with V=V,

kT 1
e nq iy
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Warburg Impedance

Near equilibrium (C#0)
CR’A

R diffusion
O diffusion
Gy =

distance

Redox process

“high frequency”:
Few molecules are required at the interface
—> kinetic-limited current
2> R,

V(D)

‘>
time

Number of molecules
required by the redox

W

\/ \/ time
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Warburg Impedance

Near equilibrium (C#0) V(t)
CO’A
Cr =
O diffusion —>
time

R diffusion
S

Redox process

[

distance it

“high frequency”:
Few molecules are required at the interface

—> kinetic-limited current

2> R,
I(t)

“low frequency”:
Much more molecules are required

—> current limited by diffusion
—> higher impedance: Z,,

>

Number of molecules
required by the redox

WL
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Warburg Impedance

c* =0

1

time Omax = 900um (convection in
an undisturbed solution)

N

= 1/30s = 10mHz

Concetration of Oxidized S pecies

f

min

Distance From Electrode ’

o o RT ( 1 1 )
ZW — —J o = +
Jo o F2AV2 \D§*cE DY*cq
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ZWarbur— Bode plot and Cole-Cole plot

Cole-Cole plot:

N I AR T 1 T T rir 1()><107 ‘ : ‘ ‘
9L . |
10 N | ol w— 0 /
j j ol / 7
- | Planar electrode
- ldeal | 7!
10° - capacitor S .
'E' i N —~=
—_ 1 = 5
N /7 N
£ 4
107, \\\\\ 1 I 3+
Warburg S ol
Impedance RN |
] W — 00
6 L R R R L ! ! |
10,2 ot 100 0] % 2 4 6 8 10
Frequency [Hz] Re {Z,, } €] x10
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Zywarbura— geometrical effects

////

Re{Z}

Fig 3.4 Calculated impedance for various shapes of a single pore (from [15])

@
N~

(@))
)

(@)

™M

~ O
N S
s ©
S //// S
£

e

”'II// g

B

. (D)

[/ / w

7 3

0 011 0{2 0.I3 0:4 0{5 .'CI_J'

5

D

©

\'d
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The Randles Equivalent

|
10'; L L L |

F //CPE
- Diffusion (Z,y) | Y
6 oL
e WM
f Charge S
'5}' 10°- transfer Ret “w
T (R y Double-layer ;
N 10" “"_(CPE) :
3f R solution '
10°- :
: Cs
N -
10 [ [ r [ r [
10° 10° 10° 10" 10° 10°

Frequency [HZ]



Summary

« Bulk solution conductivity depends on the concentration of ions
» Physiological solution is a good conductor up to ~350MHz

« Metal-liquid interface: charge redistribution, double-layer
capacitance:
» Large value (0.1-0.4pF/um?in PBS)
» High sensitivity to the surface and to the first few nm of liquid (in PBS)

« Electron transfer at the interface is possible:
« Exponential current-voltage characteristic controlled by V-V° and conc.
« Easily limited by the mass transfer
« Equilibrium does not mean external voltage = OV

 For high ionic concentration (supporting electrolyte; PBS)
« Mass transfer of redox species limited by diffusion

« Potential step and potential sweep to study redox processes
* Non-stationary condition is usual (macroelectrodes)

* Impedance described by the Randles equivalent model
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