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Introduction

Conduction in a cell

Charge is conducted by:

– The electrodes and leads – involves 

electrons

– The solution – involves migration of cations 

and anions

– The interface – involves oxidation and 

reduction
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Electrochemical Cells

 Consider an overall electrode reaction

   O + ne → R

The current (or electrode reaction rate) is governed by:

 1) mass transfer

 2) electron transfer

 3) chemical reactions before or after the electron transfer 
(i.e. homogenous process – protonation or dimerization 
or heterogeneous process – catalytic decomposition at 
electrode surface)
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Electrical Double Layer
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Mass Transfer

If we assume that an electrochemical 

experiment has fast electron transfer and 

rapid chemical reactions, then net rate of the 

electrode reaction, rxn, is governed by the 

rate at which the electroactive species is 

brought to the surface by mass transfer, mt.

    rxn = mt = i/nFA

These types of reactions are called reversible or 

Nernstian, because the principle species 

obey thermodynamics at the electrode 

surface.
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Introduction

Faradaic and Nonfaradaic currents

 Faradaic processes – direct transfer of 
electrons by an oxidation or reduction 
reaction.

 Obeys Faradays law – the amount of 
chemical reactant at an electrode is 
proportional to the current. (faradaic 
current).

 Nonfaradaic current – background 
current.
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Introduction
Mass Transfer

 For faradaic current to continue the species must be 

continuously transferred from the bulk of the solution 

to the electrode surface.

 This occurs by:

▪ Convection – mechanical motion of the solution; stirring or 
hydrodynamic transport. 

  Natural convection – caused by density gradients. 

  Forced convection – stagnant, laminar, turbulent flow.

▪ Migration – movement of ions by electrostatic attraction; movement of 
charged body under the influence of an electric field (electrical 
potential gradient).

▪ Diffusion – motion of species due to a concentration gradient.
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Electrical Double Layer
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Mass Transfer

Experiments which are carried out in unstirred 
solutions containing a large excess of a 
base electrolyte are governed by diffusion.

Experiments which are carried out using stirring 
or rotating are governed by convection, 
although diffusion will still occur in the layer 
adjacent to the electrode.
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Mass Transfer

Mass transfer to an electrode is governed by the 
Nernst-Planck equation.

Ji(x) – flux of species i (mol/s cm2) at distance x from surface

Di – diffusion coefficient (cm2/s)

dCi(x)/dx – concentration gradient at distance x

d(x)/dx – potential gradient

zi and Ci – charge (dimensionless) and concentration (mol/cm3) 
of species i

(x) – velocity (cm/s)
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Mass Transfer

Diffusion

With migration decreased by supporting 

electrolyte and no convection in quiescent 

solution – mass transfer of an electroactive 

species near the electrode is restricted to 

diffusion.

Diffusion occurs by random walk process where 

the step size is l and one step every  seconds.

CHEM 5390



Mass Transfer
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Mass Transfer

Diffusion

Mean square displacement of the molecule – 2

total possibilities – 2m

m = t/

2 = ml2 = t/ l2 = 2Dt

D – diffusion coefficient

l2/2 – related to step size and step frequency

 = (2Dt)1/2

For No molecules located at origin at t = 0, a 
gaussian curve describes the distribution with 
time.
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Mass Transfer

CHEM 5390



Mass Transfer
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Mass Transfer
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Mass Transfer

Diffusion

Number of molecules, N(x,t) in a segment x wide 

centered on position x is:

 N(x,t)/No = x/2(Dt)1/2 exp (-x2/4Dt)
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Mass Transfer

A simple model can be used to describe 
diffusion. Assume linear diffusion to a 
plane electrode where differences in 
concentration only arise  perpendicular to 
the electrode surface.

Diffusion is quantitatively described by Fick’s 
law where the rate of diffusion is known 
as flux in moles m-2 s-1.
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Mass Transfer

Fick’s first law:

Where dc(x)/dx is the concentration gradient 
and D is the diffusion coefficient, m2s-1.
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Mass Transfer
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Mass Transfer

The second law describes the change with 
time of the concentration at the center of a 
volume element bounded by two planes 
parallel to the surface.

Fick’s second law:
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Mass Transfer

Fick’s Law of Diffusion

 Fick’s second law pertains to the change 

in concentration of O with time.

 

 Co/t = Do 
2 Co

 

 2 – Laplacian operation – varies with 

electrode geometries.
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Mass Transfer
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Mass Transfer

With the solution of the equations using 
Laplace transformations, the Cottrell 
equation is obtained. (potential step under 
diffusion control)
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Mass Transfer

When a potential step is carried out in an 
unstirred solution, the j – t response can be 
analyzed:

• by plotting j vs t-1/2, the plot will be linear 
and pass through the origin, D is equal to 
the slope.
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Mass Transfer

Experiments which are carried out in unstirred 
solutions containing a large excess of a 
base electrolyte are governed by diffusion.

Experiments which are carried out using stirring 
or rotating are governed by convection, 
although diffusion will still occur in the layer 
adjacent to the electrode.
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Solution
The electrochemical cell contains the electrodes and a 

solvent and supporting electrolyte.

How do you choose the best solution for the 

experiment?

Must consider the electrochemical as well as chemical 

reactions.

CHEM 5390



Solution
Ideal Solvent System Properties

• Electrochemically Inert (stable over a wide range of 

potentials)

• High electrical conductivity

• Good solvent power

• Chemical Inertness

• Available in pure form

• Low cost
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Solution
Electrochemically Inertness

 For a solvent system to be stable over a wide range of 

potentials – it cannot undergo any electrochemical 

reaction during oxidation or reduction of the analyte.

Solvent (solution) Breakdown Potential 

 Potential of an electrochemical reaction of the 

solvent system.

Examples: Water, Tetrabutylammonium hexafluorophosphate in 

ACN (+3.4 - -2.9 V vs SCE), Nitrobenzene (hard to oxidize 

easy to reduce)
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Solution
High electrical conductivity

 

 Solvent system must support the passage of an 

electric current – have low electrical resistance and 

high dielectric constant (>10).

 Examples: Water 80.1

  for organic electrochemistry – DMF (36.7, ACN 37.5, DMSO 

46.7)
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Solution
Good solvent power

 Able to dissolve a wide range of substances at 

acceptable concentrations (~0.1M for electrolytes 

and 0.1-1 mM for analytes)

 Example of salts which dissolve well in organic solvents: 

hexafluorophosphates, tetrafluoroborates, 

ethyltributylammonium tetrafluoroborate, tetrabutylammonium 

hexafluorophosphate.
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Solvent
Good solvent power

 Viscosity is also important.

 Low viscosity is better so that mass transport by 

diffusional control can last up to 40-50 sec for 

techniques like chronopotentiometry.

 Viscosity is affected by temperature where low 

temperatures could essentially stop mass transport.
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Supporting Electrolyte
Possible Roles of the Supporting Electrolyte (inert)

• Regulates cell resistance and mass transport by 

electrical migration

• Control or “buffer” the level of hydronium ion activity 

in solution

• Associate with the electroactive analyte (i.e. complexing 

of ions with metals, EDTA)

• Form ion-pair or micellar aggregates with the 

electroactive analyte (ionic liquids)

• Determines the structure of the double layer

• Impose positive or negative voltage limits because 

of redox properties
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Supporting Electrolyte
Control of Cell Resistance

Primary function of the supporting electrolyte is to 

provide a conducting medium which will minimize iR 

drop and ohmic heating of the solution (i.e. when i is 

large).

To have mass transport controlled only by diffusion 

need to use 50-100 times the concentration of 

supporting electrolyte to electroactive analyte 

(suppresses electrical migration).
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Supporting Electrolyte
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Supporting Electrolyte
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Solution

Chemical Inertness

Available in pure form

Low cost
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Supporting Electrolyte

Advantages:

• eliminates the contribution of migration to mass transfer 
for the electroactive species

• decreases resistance of the cell

• establishes the solution composition (i.e. pH, ionic 
strength, ligand concentration)

• reduces electrical power dissipated in the cell leading to 
simpler instruments

• eliminates sample matrix effects

• helps keep double layer thin with respect to diffusion 
layer

• established uniform ionic strength throughout the 
solution, while ions are being produced or consumed at 
the electrodes
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Supporting Electrolyte

Disadvantages:

• large concentrations can bring impurities and 

interferences

• can give own faradic response

• can react with products of electrode process

• can adsorb on electrode surface and alter 

kinetics
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Mass Transfer

Migration

In bulk solution, concentration gradients are 
small and the total current is carried by 
migration:

For a species, j, the mobility of the species is 
given by the Einstein-Smoluchowski 
equation:

   uj = |zj|FDj/RT

   ij = |zj|FAujCj (/x)
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Mass Transfer

Mix Mechanisms near Electrode

 Flux of species at electrode surface controls 

the rate of reaction.

 Electroactive substance transported by both 

migration and diffusion.

   i = id + im

 

 Best to minimize contribution from 

migration for experiments.
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Mass Transfer

Mix Mechanisms near Electrode

 id and im can be in the same or in opposite 

directions.
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Mass Transfer

For quiescent conditions, convection is zero, so:

  id,j/(zjFA) = Dj (Cj/x)

  im,j/(zjFA) = zjFDj/RT  Cj (/x)

 where id,j – diffusion current of species j

  im,j – migration current of species j

 (in Chapter 4, subscript j is used to represent the species instead of 

subscript i as in Chapter 2)
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Mass Transfer

Total current, i is made up of all contributions from 

all species.

   i = ij
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Mass Transfer

For convection-diffusion experiments:
 i.e. rotating disk experiments

The electrolyte is divided into two zones:
• A stagnant layer next to the surface 

(diffusion only) with thickness, S and
• Outside this layer convection dominates
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Mass Transfer
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Mass Transfer

The equation for the rotating disk experiment 
is:

 jL = 0.62 n F D0.66 −0.166 co 
0.5
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Introduction

Conduction in a cell

 Charge is conducted by:

– The electrodes and leads – involves 

electrons

– The solution – involves migration of cations 

and anions

– The interface – involves oxidation and 

reduction
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Introduction

Solution structure

 The double layer consist of

– Compact Inner layer where potential 

decreases linearly with distance from the 

electrode surface

– A diffuse layer where potential decreases 

exponentially
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Introduction
» presentation date.
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Electrical Double Layer
There is a charge on the metal electrode, qM and a 

charge in the solution, qS. 

This is the electrical double layer. 

The charge density,  – (C/cm2)
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Electrical Double Layer
Inner Layer – solution closest to electrode, adsorbed 

ions.

Also called the compact, Helmholtz, or Stern Layer

   S = i + d = -M
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Electrical Double Layer
Models for the Double Layer

• Helmholtz

• Gouy-Chapman

• Stern

• Grahame

• Bockris, Muller
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Electrical Double Layer
Helmholtz Model

 First double layer model – considers the ordering of positive and 

negative charges on two sides of an interface. Compact layer 

does not stretch into the solution (capacitor).   
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Electrical Double Layer

Gouy-Chapman Model

 Considers the applied potential and electrolyte concentration influence 

the value of the double layer capacity. So the double layer would have 

variable thickness (diffuse double layer).   
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Electrical Double Layer
Stern Model

 Combined the Helmholtz and G-C models – where the double layer 

was formed by a compact layer of ions next to the electrode and a 

diffuse layer extending into the bulk.
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Electrical Double Layer
Grahame Model

 Added a third region to the Stern model. An adsorbed ion loses its solvation and 

bonding is strong. The IHP passes through the center of these ions. The OHP 

passes through the center of solvated ions, and the region outside the OHP is 

the diffuse region.   
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Electrical Double Layer
Bockris, Devanathan, and Muller Model

 Takes into account the physical nature of the interfacial region, i.e. 

water also interacts with the electrode. Since solvent concentration is 

much higher than the solute, there must be predominately solvent 

molecules near the interface. Also introduced the shear plane – zeta 

potential.
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Electrical Double Layer

Structure of double layer can effect the rate of 

electrode processes, since the potential 

varies throughout the layers.
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Class Assignment

• Research paper Topic

• Read Chapters 1, 4, and 13

  “Electrochemical Methods” Bard
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