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\ INTRODUCTION TO ELECTROCHEMISTRY
« DOING CHEMISTRY WITH ELECTRODES »

Oxydation vs reduction — Potential vs current
L

Current is an expression of rate (Coulomb/sec)
—
Ox + ne Red ” Potential is an expression of electron energy (Volts)

The electrochemical reaction proceeds at a rate (current flow)
determined by the electrode potential
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From Atomic orbitals to Fermi Level:
Understanding the electrode/molecule interphase
[
Liquid Phase Solid Phase
Atoms ——— > Conducting Material

CONDUCTION BAND
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LUMO
HOMO I VALENCE BAND
Atomic orbitals Band structure picture

Fermi Level in the band structure picture :
hypothetical energy level defined as with 50% probability of being occupied at any given time

overlap

—P>

Fermi level Bandgap

in an insulator, The Fermi level
lies within a large band gap, far
away from any states that are

able to carry current

Electron energy

metal semiconductor insulator

Electric Current : Ordonnated flux of charges (positive or negative)
[

The direction of current is defined ‘

as the movement of positive charges I o
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In metallic wires, the current is based on the movement of conduction electrons
(Electronic conductor)

In electrolyte solutions the current is based on the movement of charged ions C**; AY-
(ionic conductor); solvent + ions (aqueous/organic); ionic liquids, solid electrolytes,

conducting polymers..
Sign convention : In europe (IUPAC recommendation) oxydation currents are

positive (flowing from the solution to the electrode) and reduction currents are
negative (from the electrode to the solution). (it is # in brit and US manuels/papers)




Basics of Electrochemistry
Measuring potentials and currents from redox reactions
I

STATIC TECHNIQUES (i = 0)

Potentiometric measurements
Measuring potentials of electrochemical
< cells at Equilibrium (i = 0)

Ecell = Eindicator—Ereference (at i=0)

Ex : lon-Selective Electrode (ISE) Based on the fact that the potential of one electrode is sensitive to the analyte’s concentration

The most common ISE is the pH electrode,
which contains a thin glass membrane that responds to the H+ concentration in a solution.

DYNAMIC TECHNIQUES (I ?5 0) allow current to flow
| or E are imposed either by the electrochemical cell (discharge in battery mode) or by a potentiostat (electrolysis mode)
Remember that current and potential can not be simultaneousmy controlled ( controlled E or /)

< Non-Equilibrium processes (i # 0)

STATIC TECHNIQUES : Recording Potential at i = 0V
[
Potentiometric Titration ox E Reg

Measure of potential ati=0V 4
_— : a Ce* | Ce?*
Titration of Iron(ll) with cerium(IV)
Ce* +e ¢—> Ce%
AE"
Fed +e <«—" Fe?*
Ce** + Fe?* —» Ce® +Fe® Fe**—1 Fe?
i(A) i AG°<0 (spontaneous)
i l4a=f(C, 1, W..)
H Fe2*pFe®*
................ s VD AU A—

E Eeq1 E (V)




STATIC TECHNIQUES : Recording Potential at i = 0V

Potentiometric Titration E
Measure of potential ati=0V y
Titration of Iron(ll) with cerium(IV) Ce*t| Ce?*
Ce * + e~ «—> Ce3*
AE®°
Fed +e <«—” Fe¥
Ce** + Fe?* —» Ce® +Fe¥* Fe3*—1 Fe?*
i AG*<0
i Ce3-/Cet
E Fe?*-HFe’*
.................................
] Fe?*4-Fe3*

STATIC TECHNIQUES : Recording Potential at i = 0V

Potentiometric Titration
Measure of potential ati=0V
Titration of Iron(Il) with cerium(IV)

Ce * +e- ¢<—> Ce*

Fed +e <«—" Fe?*

Ce* + Fe?* —» Ce® +Fe¥*

i(A)

—pm———

Ce* | Ce?**

Fe3*— Fe?*

AG°<0




STATIC TECHNIQUES : Recording Potential at i = 0V

I
Potentiometric Titration
Measure of potentialati= 0V
Titration of Iron(Il) with cerium(IV)

Ce# + e ¢—> Ce¥

Fe3 +e- «—" Fe?*

Ce* + Fe?* —p Ce® +Fe¥*

i(A)

E°

AE®

>

o e

Fe2*Fe3*

STATIC TECHNIQUES : Recording Potential at i = 0V

I
Potentiometric Titration
Measure of potential ati=0V
Titration of Iron(ll) with cerium(IV)

Ce# +e —> Ce®*

Fed +e «—" Fe?

Ce** + Fe?* —» Ce¥ +Fe®

i(A)

E (i=0)
g
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Ce#*/ Ce3t i
Eeq1
Fe3*/ Fe?*
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DYNAMIC TECHNICS : The Electrochemical Cell
[ e

Potential/current control at a « working » electrode
behaves either as an anode or a cathode, depending on the applied polarity.

The auxilliary electrode allows current to flow through the cell

No current through the reference electrode (stable potential/fast kinetics)

Three electrodes setting

I (nA)
Potentiostat
ET REF CE
Auxiliary electrode
v E (vS Eney (V)
Reference electrode
Working electrode I >

Accessible potential window
f(solvent, electrolyte, electrode...)

To be discussed :
Surface of the electrodes 1
Which reference electrode

.

The Electrochemical Cell
I

Two electrodes setting (ET/ref or ET/CE)

Potentiostat
ET REF

If a ref electrode is used, large currents might flow through it
» Degradation

Large potentials shifts might be observed due to ohmic drop
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Standard Reference electrodes for aqueous solutions

Stable potential (couple with fast kinetics)

ECS (chlorides might interfer)

¢ Electrodes with a potential independent
of solution composition
AgCl=Ag' +Cl andAg* +e=Ag,,
end up with
e+ AgCl=Ag, +CI'

LIVE P
E= E, —0.0592 log————
N year

Hydrogen slectrode (SHE)
The ultimate reference electrode.
Difficult to work with.

H, is constantly bubbled
into a 1 M HCI solution

Pt/H; (1atm), 1M H* //
E°=0.000000 V

Pt black
plate

F — F — 7] ¢
E=E, -0.0592loga .
Ag/AGCH Calomel slectrode (SCE) \0.244\ v. SHE
Another common A much more common
reference electrode. reference electrode.
: _fiber
Easier to produce a Ag Hg I Hg,Cly .y, KCL /I T
combination electrode. e 92017/K
Chloride is used to Ho
intain constant KCl solution
saturated AgCUKCI i i
AgCl ionic strength, AR
13
Potential at 25°C viati
Electrode type Electrode reaction Ibleasitio Electrode name
vs.NHE vs.SCE n
Hydrogen (P)/H,, H*(a=1) (| -0.2412 NHE Norm. Hyd. El.
Ag/AgCI, KCI (0.1 M) 0.2881 0.047
. g Ag/AgCI, KCI (3.5 M) 0.205 -0.036
. Silver i 0.197 -0.045
silver chloride Ag/AgCl, KCI (sat'd)
0.1988 -0.042
Ag/AgCI, NaCl (sat'd) 0.194 -0.047
0.3337 0.0925
Hg/Hg,Cl,, KCI (0.1M)
0.336 0.095
0.2801 0.0389
Hg/Hg,Cl,, KCI (1 M) NCE Norm. Cal. EI.
0.283 0.042
Calomel Hg/Hg,Cl,, KCI (3.5M) 0.250 0.009
0.2412 0
Hg/Hg,Cl,, KCl (sat'd) SCE Sat. Cal. El.
0.244
Hag/Hg,Cl,, NaCl (sat'd) 0.2360 -0.0052 SSCE Sod. Sat. Cal.El.
T ; 0.165 -0.076
g/HgO, NaOH (0.1 M
Mercury /_ 0.926 0.685
mercury oxide
Hg/HgO, NaOH (1 M) 0.14 -0.101
Ha/Hg,S0,, H,S0, (0.5 M) s 044
g/Hg,S0,, 0.5
Mercury/ FEEAE 0.682 0.441
mercury
0.64 0.40
sulfate Hg/Hg,S0,, K,S0, (sat'd)
0.65 0.41
Ag/AgNO; (0.01 M) MeCN 0.3
Nonaqueous -
Ag/AgNO, (0.1M) in MeCN 0.36

Shaded, italics = calculated values; Bold = assumed standards. SCE assumed to be 0.2412V for conversions.
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Accessible potentials = f( solvents, electrodes, electrolytes)

No reactivity/Weak electroactivity/High solubility l

15

I (nA)
Accessible | potential window
€-———-"22720 il S >

E (vS Erep (V)

The background current is principally

Propylene Carbonate (PLC) = ; TEACIO4 faradaic current arising from the
THF ¢ * . oxidation (or reduction) of electroactive
Methanol LiCIO, impurities in the mobile phase.
HMPA « *
DMSO - . } TEACIO,
DMF —
Dichloromethane —_— TBACIO,
CH,CN { - +  TEAPF,
. LiClO,
Acetic Acid B ——— AcONa
e TBACI
Water on mercury
= TBACIO,
3 2 414 0 1 2 3 VIECS
(Pt alectrode)
0

TBA = tetra-n-butylammonium
TEA = tetra-n-ethylammonium

(HMPA)
(PLC)

MOBILE PHASE LIMITATIONS
I

ELECTROLYTE MUST BE PRESENT :

« Usually at 0.01 M to 0.1 M concentrations, to convey charge through the electrochemical cell.

*The solvent must have a sufficiently high dielectric constant to permit IONIZATION OF THE ELECTROLYTE.

*The mobile phase (electrolyte + solvent) must be ELECTROCHEMICALLY INERT at the electrode surface;
—the background current at the applied potential should be negligible, with no chemical deterioration of the surface.
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lonic Liquids i
L e

IONIC LIQUIDS : composed solely of anions and cations SN~y
®

Liquid at ambient temperature

Powerful solvents

Non volatile, low vapor pressure /non toxic
Nonflammable

Thermally and hydrolytically stable

Large electrochemical window

High viscosity (slow diffusion of electroactive species)
Synthetically demanding
Expensive

Applications in electrochemical cells and devices:

N-ethyl-N,N-dimethyl-2-methoxy

Q o

QNS
\
OO/

bis(trifluoromethane)sulfonimide (TFSI)

|

|

Li metal and Li ion batteries
Ultracapacitors
Electrochromic displays
Fuel cell membranes..

Current Density (mAscm

1 0 1 2 3 4
Potential »s Ag'AgCl1(V)

Fig. 3. EW of [N112.102 [ TFS1] using GC macro-electrode at sweep rate 100 mV/s
and 25 C

Joumnal of Industrial and Engineering Chemistry 19 (2013) 106-112

Working electrodes
I
Which Working electrodes ???

(Inert, high electronic conductivity, low price, well defined geometry, limited rugosity)

Planar disk electrodes —Conducting materials in insulating matrix { -Diameter
-Noble metals, carbon, mercury, TiO,....

Noble metals

platinium, palladium are not oxydized in water

Very high electronic conductivity

Catalytic properties which might reduce the electrochemical window

Carbon # Diamond
Graphite (native crystalline allotrope of carbon), glass-like carbon (IUPAC for trademark

vitreous® or glassy® carbon, 100% sp?, might be made of fullerenes), carbon fiber or
carbon black , graphitic carbon (stacked graphene sheets), foam (high surface area)

cheap

Mercury

Low oxydation potential

Liquid at room temperature allow an easy surface control

Not inert and might influence the electrochemical reactions

Metal Oxydes

SnO,, In,0O4 (ITO) —transparent electrodes for spectroelectrochemistry
Usually 90% In,O4, 10% SnO, 18
TiO, —Photovoltaic cells




Influence of the electrode material : evidencing kinetic effects

2 H,0()) — O4(g) + 4 H*(aq) + 4e~
2 H*(ag) + 26" — Hy(g) E°eq=0.00 V vs ESH

I (uA)

thermo

E,, =123V vs ESH

GC WE

H,0—-0,
1

L

|
-

GCWE 4y !y

- —

E (vs Egep (V)

] [
[} 1 I
I 1
I I

[ |
Hg Pb GC Ni Fe Pt
H, —H*

E (vs Egey (V)
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BASICS of electrochemistry measurements (three electrodes settings)

I

Potentiostat
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Counter E.

E°

Ox+ne «<—— Red

Concentration range :

C~103-104M

Electrolyte ~ 0.1 M

o } Electrolyte
o

Ox: Studied species

- Diffusion layer
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Pathway of a general electrode reaction : concept of diffusion layer

I
Electrode surface Bulk solution
| region
hed
1
1 Mass transfer
Electrode i
I
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Mass transport in electrochemical cells

L e
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Which species ??? Electroactive vs non electroactive species (faradic vs non-faradic )

Faradic : due to redox processes either from analyte or solvent impurities

Non Faradic : related to the charge and discharge of the electrode/solution interface (capacitive behavior):
not related to an oxidation/reduction reaction. Investigation on NF processes requires the modelization of the

interface (Helmoltz, gouy, stern...)

Which transport modes ???
Convection

Natural: gradients of density, temperature, pressure in a fluidic media. ..
Forced: imposed by the experience. Mecanic strirring or electrode rotation

Diffusion

Movement of species induced by concentration gradients
Depend on the size, solvation, mobility of a given species and on the media (viscosity..)

Migration

Movement of species induced by the electric field.

Only Charged species are concerned.

Depend on the size, solvation, mobility of a given species and on the media (viscosity..)




Basics of Cyclic Voltametry : A non-stationary method 23

The working electrode potential is ramped linearly versus time
After reaching a set potential, the working electrode's potential ramp is inverted.

Cyclic experiments
} (Ei Ex V)

Voltage Triangle wave form repeated at a given scan rate =) V> 2
Current 4 2 g g —>e7 :
. IpA) t Fe < e

i ! :

: i .: H E; E

! i , : :

- J AN i, .. 0 { : >
E i i ! E,

: a4 ol 4L time

The i=f(E) curve gives important informations
-on the thermodynamic and kinetics of the electron transfer at the solution-electrode interface

-on the kinetics and mechanisms of chemical reactions following or preceding the electron transfer.
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Basics of Cyclic Voltametry : Concentration profiles
IS
The shape of a cyclic voltammogram can be understood by considering the
concentration gradients at the electrode-solution interface. —
Red Ox .
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T R €& O + ne- ~ Red Red
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Diffusion layer thickness (3) depends on time. L “wo. ., . |
O Distance de lélectode 0 pigance de lélectmde
O0<<Lr 3 - b X
L3 L)
bo !. Red ..'. Reg -
§ Db .. ‘§ Fopgo e ®
only a small part of the electrode surface is affected by the £ P & ¥
hemispherical diffusion at the electrode edges 3l 7 X § P
s *a Ox o Ox

O Distance de lélectrode 0 Distance de I'électmdis




Basics of Cyclic Voltametry : What is the capacitive current
[
_dq _AEAC _ACdE |

When the potential of a working electrode is changed, two different types of current can row:i q = ACE;i, = _ +
capacitive currents (/) and faradaic currents (/). f e dt dt dt (
| . |
The capacitive current is related to the change in the electrode surface charge | WithE=E+vt > I, =ACv [
(double layer charging). It is not related to an oxidation/reduction reaction !

iy (CV peak current) varies with v2 for linear diffusion

i, =ACg4v (should be constant for a given exp if C4 does not vary with E.)

»icbecomes relatively more important at faster scan rates

Use of pulse voltammetry allows to lower the relative contribution of j_ S
10 ca

l

A\l

— Total current (I,)

| cd~20uF/em?

Courant (au)

---- Capacitive current (I.)
Electrolyte alone

Iiaradique = I!'Ic

Increasing scan rate

0.1 0.2 0.3 0.4 (Volts)

Remember that low-level oxidation or reduction currents might also be i .
observed (impurities) or slow, potential-dependent faradaic reactions centered ¢ ; :’ 25
on the electrode material or on the the solvent and supporting electrolyte Bard and Faulkner 2d edition

Simple electrical equivalent of a three-electrode electrochemical cell

Potentiostat
ET REF CE

Ref

CE

Key features :
The potential is applied between the reference and working electrodes

Current Flows between the working (WE) and the counter electrodes (CE)

No current (pico Ampere) flows through the reference electrode (Ref). The potentiostat used to measure
the potential difference between the working and reference electrodes has a high input impedance, so that a
negligible current is drawn through the reference electrode. Its potential is thus constant and equal to its open-

circuit value.

Each electrode interface can be modeled with an equivalent electric circuit involving capacitance and
resistance elements 26




