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Electro-analytical Chemistry.

Electro-analytical chemists at work !
Beer sampling.
Sao Paulo Brazil 2004.

EU-LA Project MEDIS : Materials Engineering
For the design of Intelligent Sensors. 

Electroanalytical techniques are 
concerned with the interplay between 
electricity & chemistry, namely the 
measurement of electrical quantities 
such as current, potential or charge 
and their relationship to chemical 
parameters such as concentration.

The use of electrical measurements for 
analytical purposes has found large 
range of applications including 
environmental monitoring, industrial 
quality control & biomedical analysis.



Outline of Lectures

• Introduction to electroanalytical
chemistry: basic ideas

• Potentiometric methods of analysis
• Amperometric methods of analysis
• Coulombic methods of analysis

J. Wang, Analytical Electrochemistry, 
3rd edition. Wiley, 2006
R.G. Compton, C.E. Banks, Understanding Voltammetry,
2nd edition, Imperial College Press,2011.
C.M.A. Brett, A.M.Oliveira Brett, 
Electrochemistry: Principles, methods and applications, 
Oxford Science Publications, 2000.



Electroanalytical methods have 
certain advantages over other 
analytical methods.  Electrochemical 
analysis allows for the 
determination of different 
oxidation states of an element in a 
solution, not just the total 
concentration of the element.  
Electroanalytical techniques are 
capable of producing exceptionally 
low detection limits and an 
abundance of characterization 
information including chemical 
kinetics information.  The other 
important advantage of this method 
is its low cost.

Why Electroanalytical Chemistry ?



Electroanalytical methods.

• Electrochemical reactions involve electron transfer (ET) processes at 
electrode solution interfaces. These ET reactions may be kinetically 
sluggish or kinetically facile depending on the details of the ET reaction and 
the nature of the electrode surface.

• Provided an analyte species exhibits electroactivity (can be oxidised or 
reduced) then it may be detected using the tools of electrochemistry.

• Thus, electrochemical methods may be split up into two major classes : 
Potentiometric and Amperometric.

• In potentiometry the ET reaction is kinetically facile and we measure the 
potential of a Galvanic cell under conditions of zero current flow. The cell 
potential responds to changes in the activity of the analyte species present 
in the solution in a well defined manner described by the Nernst equation. 
Indeed the cell potential varies in a linear manner with the logarithm of the 
analyte activity.

• In amperometry the kinetics of the ET reaction will have to be driven by an 
applied potential and so we measure the diffusion controlled current flowing 
across the electrode/solution interface. This current is directly 
proportional to the bulk concentration of the analyte present in the 
solution.
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P

Q

Oxidation or de-electronation.
P = reductant(electron donor)
Q = Product

Electron sink electrode
(Anode).

ne-

A

B

Electron source electrode
(Cathode).

Reduction or electronation.
A = oxidant (electron acceptor)
B = Product

In potentiometry an interfacial ET reaction is in equilibrium 
and the interfacial potential is governed by the Nernst equation.
In voltammetry an  analyte species is oxidised or reduced at
an indicator electrode giving rise to a current flow which
is directly proportional to the bulk analyte concentration.



Device Type Potentiometric Amperometric

Method of
operation

Measure 
potential at
Zero current

Measure 
transport limited
current

Electrode
kinetics

Must be fast Electrode 
potential can 
drive reaction

Response Concentration
depends 
exponentially on 
potential via 
Nernst equation

Concentration is 
a linear function 
of current

Mass
transport

Unimportant Must be 
controlled

Sensitivity Ca. 10-6 M but
can be less (ca. 
10-8M).

Ca. 10-9 M



Voltammetry.
• Voltammetry is an electroanalytical method in which the controlled 

parameter, the potential of the indicator electrode varies in a 
definite manner with time, and in which the current flowing through 
the indicator electrode is the measured parameter.

• The voltammetry method relies on the fact that the current 
measured reflects rate determining diffusion of the analyte 
species from the bulk solution to the surface of the indicator 
electrode where it is readily oxidised or reduced. Under such 
conditions of diffusion control the measured current is linearly 
proportional to the bulk concentration of the analyte species.

• Voltammetric techniques are classified according to the type of 
voltage perturbation applied to the indicator electrode, i.e. the way 
that the voltage signal input varies with time. The form of the input 
V(t) function will determine the form of the resulting current 
response.

• The current/potential response curve is called a voltammogram.
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 = F(E-E0)/RT
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G. Denault, Ocean Sci., 5 (2009) 697-710.
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Transport and kinetics
in electrochemical systems.

Interfacial
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Simple diffusion layer
model neglects
convection effects
and also simplifies
analysis of Fick
diffusion equations.
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Direct unmediated ET .
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Heterogeneous redox catalysis :
mediated ET via surface bound
redox groups .
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Mediated vs unmediated ET at electrodes .

• Redox groups bound to support
surface as 2D monolayer or as 3D
multilayer .
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C
W

R

E controlled

)(ti

)(ti

potentiostat

Waveform
generator

A schematic experimental
arrangement for
controlled potential
measurement is outlined
across.
W denotes the
working or
indicator electrode,
R represents the
reference electrode,
and C is the
counter or auxiliary
electrode.
The potentiostat controls the voltage
between the working electrode and the counter
electrode according to a pre-selected voltage
time programme supplied by a waveform generator or computer. The
potential difference between the working and reference electrodes is
measured by a high impedance feedback loop based on operational amplifiers.
Current flow is measured between the counter and the working electrodes.

EC
cell



Large variety of 
digital waveforms
can be generated 
via computer
software.

Potentiostat

Electrochemical
Cell

Electrochemical Cell stand

WE

RE

Electrochemical water
Splitting in electrolyte
Filled cell (OER)







Working electrode
 Most common is a small 

sphere, small disc or a short 
wire, but it could also be 
metal foil, a single crystal of 
metal or semiconductor or 
evaporated thin film.

 Has to have useful working 
potential range.

 Can be large or small – usually 
< 0.25 cm2

 Smooth with well defined 
geometry for  even current 
and potential distribution.

 Mercury and amalgam 
electrodes.
 reproducible 

homogeneous surface.
 large hydrogen 

overvoltage.
 Wide range of solid 

materials – most common 
are “inert” solid 
electrodes like gold, 
platinum, glassy carbon.
 Reproducible 

pretreatment procedure.
 Well defined geometry.
 Proper mounting.



Working Electrodes

 Size
 Analytical macro

 1.6 - 3 mm diameter
Micro

 10-100 m diameter

From BAS www-site:  
http://www.bioanalytical.com/



Counter (Auxiliary) Electrode
 Serve to supply the current 

required by the W.E. without 
limiting the measured 
response.

 Current should flow readily 
without the need for a large 
overpotential.

 Products of the C.E. reaction 
should not interfere with the 
reaction being studied.

 It should have a large area 
compared to the W.E. and 
should ensure 
equipotentiality of the W.E.

 Area must be greater than 
that of working

 Usually long Pt wire (straight 
or coiled) or Pt mesh (large 
surface area)

 No special care required for 
counter

From BAS www-site:  
http://www.bioanalytical.com/



Reference Electrode (RE)
 The role of the R.E. is to 

provide a fixed potential 
which does not vary during 
the experiment. 

 A good R.E. should be able to 
maintain a constant potential 
even if a few micro-amps are 
passed through its surface.

Micropolarization test.
(a) response of a good and 
(b) bad reference electrode.

Aqueous
 SCE
 Ag/AgCl
 Hg/HgO
 RHE

Nonaqueous
 Ag+/Ag
 Pseudoreferences

 Pt, Ag wires
 Ferrocene/ferricinium couple
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Saturated calomel electrode SCE
 Cl-(aq)/Hg2Cl2/Hg(l)
 Hg2

2+ + 2e- = 2Hg(l)
 E0 = 0.24 V vs. SHE @ 250C

Advantages
 Most 

polarographic 
data referred 
to SCE

From BAS web site:  
http://www.bioanalytic
al.com



Silver/silver chloride reference 
electrode Ag/AgCl
 Ag wire coated with AgCl(s), 

immersed in NaCl or KCl solution
 Ag+ + e- = Ag(s)
 E0 = 0.22 V vs. SHE @ 250C

Disadvantages
 solubility of KCl/NaCl 

temperature 
dependent 
dE/dT = -0.73 mV/K 
(must quote 
temperature)

Advantages
 chemical processing 

industry has 
standardized on this 
electrode

 convenient
 rugged/durable

From BAS site 
http://www.bioanalytical.com/
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Silver/silver ion reference electrode 
Ag+/Ag

 Ag+ + e-= Ag(s)
 Requires use of internal 

potential standard
Disadvantages

 Potential depends on
 solvent
 electrolyte (LiCl, 

TBAClO4, TBAPF6, 
TBABF4

 Care must be taken to 
minimize junction 
potentials

Advantages
 Most widely used
 Easily prepared
 Works well in all 

aprotic solvents:
 THF, AN, DMSO, 

DMF

From BAS site:  
http://www.bioanalytical.com/



Mercury-Mercuric oxide reference 
electrode Hg/HgO
Metal/metal oxide reference electrode.

2( ) 2 2HgO s H O e Hg OH   

 0 , , 0.059log
OH

E E Hg HgO OH a 
 

   0 , , 0.0984E Hg HgO OH V vs SHE 

0.0984 0.059log

0.0984 0.059
0.924 0.059

OH
E a

pOH
pH

 

 
 

Used in particular for electrochemical studies in aqueous alkaline solution.
1.0 M NaOH usually used in inner electrolyte compartment which is separated from
Test electrolyte solution via porous polymeric frit. Hence reference electrode in like 
SHE system in that it is pH independent.



Comparing various 
Reference
Electrode potential 
scales to
SHE scale.

E (vs SHE) = E (vs REF) + 
EREF (vs SHE)



Electrolyte Solution

 Consists of solvent and a high concentration 
of an ionized salt and electroactive species

 Functions to increase the conductivity of the 
solution, and to reduce the resistance 
between 
W.E. and C.E. (to help maintain a uniform current 

and potential distribution) 
 and between W.E. and R.E.  to minimize the 

potential error due to the uncompensated solution 
resistance iRu













The potentiometric measurement.

A

B

Indicator
electrode

Reference 
electrode

Potential reading
Device (DVM)

Solution containing
analyte species

In a potentiometric measurement
two electrodes are used.
These consist of the indicator
or sensing electrode, and a
reference electrode.
Electroanalytical measurements
relating potential to analyte
concentration rely on the 
response of one electrode
only (the indicator electrode).
The other electrode, the reference
electrode is independent of the
solution composition and provides
A stable constant potential.
The open circuit cell potential
is measured using a potential measuring device such as a
potentiometer, a high impedance voltameter or an electrometer.





Fundamentals of potentiometric measurement : 
the Nernst Equation.

The potential of the indicator electrode is related to the activities
of one or more of the components of
the test solution and it therefore
determines the overall
equilibrium cell
potential Ee .
Under ideal
circumstances,
the response of
the indicator
electrode to 
changes in analyte
species activity at
the indicator electrode/
solution interface should
be rapid, reversible and
governed by the Nernst equation.
The ET reaction involving the analyte species should be kinetically
facile and the ratio of the analyte/product concentration should depend
on the interfacial potential difference via the Nernst equation.

H2(g)

H+(aq)

Pt

Ee

A(aq)

B(aq)

H2 inreference
electrode
SHE

indicator
electrode

electron flow

salt bridge
test analyte
redox couple

Pt
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The net cell potential at equilibrium is given by 
the expression across where Eind denotes the
potential of the indicator electrode, Eref denotes
the reference electrode potential and Ej is the
liquid junction potential which is usually small.
The potential of the indicator electrode is
described by the Nernst equation.
Hence the net cell potential is given
by the expression across,
where k denotes a constant and is given by
The expression outlined.
The constant k may be determined by 
measuring the potential of a standard 
solution in which the activities of the 
oxidised species O and the reduced species R 
are known. Usually we are interested in 
determining the concentration
rather than the activity of an analyte. 
If the ionic strength of all 
solutions is held constant then the 
activity  coefficient
of the analyte will be constant
and activities may be replaced by
concentrations in the Nernst equation.
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The cell response in the
Potentiometric measurement
takes the form
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Since the ionic strength of an unknown
analyte solution is usually not known, a
high concentration of supporting
electrolyte is added to both the standards
and the samples to ensure that the same
ionic strength is maintained.

Practical examples
of potentiometric
chemical sensor
systems include the
pH electrode where
Ecell which mainly reflects
a membrane potential,
is proportional
to log aH

+ , and ion selective
Electrodes where E is
Proportional to log aion .
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Ion selective electrodes.
The glass electrode used to measure solution pH is the most 
Common example of an ion selective electrode.
Ideally, an ion selective electrode responds only to one target ion
And is unaffected by the presence of other ions in the test solution.
In practice there is always some interference by other ions.
The operation of ISE devices does not depend on redox processes.
The key feature of an ISE is a thin selective membrane across
which only the target ion can migrate. 
Other ions cannot
cross the membrane. 
The Membrane contains a binding agent
which assists target ion transport across 
the membrane. The membrane divides two 
solutions. One is the inner reference
solution which contains a low
concentration of the target ion species,
and the other is an outer test solution
containing a higher concentration of
the target ion.

Selective
membrane

Reference
solution

Test
solution

Binding
ligand

ME



Glass pH Electrodes
The glass pH electrode is used almost universally for 
pH measurements and can be found in a range of 
environments including hospitals, chemical plants, 
and forensic laboratories. Its attraction lies in its 
rapid responses, wide pH range, functions well in 
physiological systems and is not affected by the 
presence of oxidising or reducing species. A typical 
pH electrode and pH meter are shown below.

10log
H

pH a  

Typical pH meter

Typical commercial
Glass electrode



When a molecule or ion diffuses (which 
is facilitated via
binding to a mobile ligand
which is soluble in the membrane)
from a region of high activity

a1 to a region of low activity a2 the free energy change is
given by the expression across. This
diffusional process causes a charge
imbalance across the membrane and a 
potential gradient or membrane potential
is developed across the membrane
thickness which inhibits further
diffusion of target ion. In the steady
state, the free energy decrease due to
diffusion is balanced by the free
energy increase due to coulombic repulsion
as outlined across.
If the ion activity a2 in the reference
solution is known then the membrane
potential is logarithmically dependent
on the activity of the target ion.
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In an ISE device a local equilibrium is set up at the sensor/
test solution interface and a membrane potential is measured.
Many ISE materials have been developed utilising both
liquid and solid state membranes.
The potentiometric response in all cases is determined by ion 
exchange reactions at the membrane/solution interface and ion
conduction processes within the bulk membrane.
The most important difficulty with ISE systems is the
interference from ionic species in solution other than the
target analyte.
In general the response of an ISE to both the primary target
ion and interferent ion species is given by the Nikolskii-Eisenmann
equation. In the latter
expression kij denotes the 
potentiometric selectivity
coefficient of the
electrode against the j th 
interfering ion.
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j
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u
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Electrochemical
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Equilibrium constant for process
j(s) + i (m) -> j (m) + i (s)

Selectivity
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3D network of silicate 
groups. There are 
sufficient cations within 
the interstices of this 
structure to balance the 
negative charge of silicate 
groups. Singly charged 
cations such as sodium are 
mobile in the lattice and 
are responsible for 
electrical conductance 
within the membrane. 





































• Ion-selective electrodes are used in a wide variety of applications for 
determining the concentrations of various ions in aqueous solutions. The 
following is a list of some of the main areas in which ISEs have been used. 

• Pollution Monitoring: CN, F, S, Cl, NO3 etc., in effluents, and natural waters.
• Agriculture: NO3, Cl, NH4, K, Ca, I, CN in soils, plant material, fertilisers

and feedstuffs.
• Food Processing: NO3, NO2 in meat preservatives.
• Salt content of meat, fish, dairy products, fruit juices, brewing solutions.
• F in drinking water and other drinks.
• Ca in dairy products and beer.
• K in fruit juices and wine making.
• Corrosive effect of NO3 in canned foods.
• Detergent Manufacture: Ca, Ba, F for studying effects on water quality.
• Paper Manufacture: S and Cl in pulping and recovery-cycle liquors.
• Explosives: F, Cl, NO3 in explosive materials and combustion products.
• Electroplating: F and Cl in etching baths; S in anodizing baths.

ISE Applications.



ISE Advantages.
• When compared to many other analytical 

techniques, Ion-Selective Electrodes are 
relatively inexpensive and simple to use 
and have an extremely wide range of 
applications and wide concentration range. 

• The most recent plastic-bodied all-solid-
state or gel-filled models are very robust 
and durable and ideal for use in either 
field or laboratory environments. 

• Under the most favourable conditions, 
when measuring ions in relatively dilute 
aqueous solutions and where interfering 
ions are not a problem, they can be used 
very rapidly and easily (e.g. simply dipping 
in lakes or rivers, dangling from a bridge 
or dragging behind a boat).

• They are particularly useful in 
applications where only an order of 
magnitude concentration is required, or it 
is only necessary to know that a particular 
ion is below a certain concentration level.

• They are invaluable for the continuous 
monitoring of changes in concentration: 
e.g. in potentiometric titrations or 
monitoring the uptake of nutrients, or the 
consumption of reagents.

• They are particularly useful in 
biological/medical applications because 
they measure the activity of the ion 
directly, rather than the concentration.

• In applications where interfering ions, pH 
levels, or high concentrations are a 
problem, then many manufacturers can 
supply a library of specialised
experimental methods and special 
reagents to overcome many of these 
difficulties.

• With careful use, frequent calibration, 
and an awareness of the limitations, they 
can achieve accuracy and precision levels 
of ± 2 or 3% for some ions and thus 
compare favourably with analytical 
techniques which require far more 
complex and expensive instrumentation.

• ISEs are one of the few techniques which 
can measure both positive and negative 
ions.

• They are unaffected by sample colour or 
turbidity.

• ISEs can be used in aqueous solutions 
over a wide temperature range. Crystal 
membranes can operate in the range 0°C 
to 80°C and plastic membranes from 0°C 
to 50°C.
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3 generations of enzyme
biosensor electrodes.
• 1st generation:
Charge shuttling via O2/H2O2.
• 2nd generation :
Synthetic electron shuttles 
(redox mediators) used.
• 3rd generation :
No mediator used , enzyme wiring.
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Enzyme communication with electrodes.
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Homogeneous mediation using substituted 
ferrocene.

   
    




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eCpFeCpFe

HCpFeFADCpFeFADH

FADHGLFADG

222
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22

222

2

Q

P GOx(FADH2)

GOx(FAD)

G

GL

Electrode Solution

P,Q represents reduced and oxidised forms of redox mediator
(ferrocene and ferricinium); G = glucose, GL = gluconolactone.
GOx (FADH2) = reduced form of glucose oxidase; GOx(FAD) =
oxidised form of glucose oxidase.

substrate

product

n e‐

Mediator redox couple reasonably
insoluble in aqueous solution, hence
is located close to electrode.



86
Potential (mV)

0 200 400 600 800

C
ur

re
nt

 (A
)

-1e-5

0

1e-5

2e-5

3e-5

4e-5

5e-5

-1e-5

0

1e-5

2e-5

3e-5

4e-5

5e-5

Au/GOx 
modified electrode

Au/SAM-CO2H/GOx 
modified electrode

1mM ferrocene carboxylic acid, 0.25M 
glucose . Scan rate 0.1Vs-1.

Potential (mV)

0 200 400 600 800

C
ur

re
nt

 (A
)

-1e-5

0

1e-5

2e-5

3e-5

4e-5

5e-5

Au/SAM-NH2/GOx 
modified electrode

Au/GOx 
modified electrode

1mM ferrocene carboxylic 
acid, 0.25M glucose . Scan 
rate 0.1Vs-1.

S

P
MOX

MRED

Enzyme
SAMAu

surface
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Steady state 
current vs concentration data 
(a) Au/glucose oxidase, 
(b) Au/SAM-CO2H/glucose 
oxidase.
Data fit to simple Michaelis-
Menten kinetic equation
using NLLS fitting program.

System Vmax /A KM/mM

Au/GOx 19 1.5
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x
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i v c k e cf
nFA K c K c


   

 

a

b

Analysis of immobilized enzyme kinetics.

Enzyme/substrate kinetics well described
By Michaelis-Menten model.



88

Ping pong mechanism
for the oxidation of
glucose by oxygen
catalysed by glucose
oxidase.

O2
H2O2

GOx
FAD+

GOx
FADH2

glucosegluconolactone

Amperometric detection
via oxidation of
Hydrogen peroxide.

Subject to considerable
interference by
oxidizable substances.

Detector electrode

Eappl = + 0.8 V

Amperometric glucose detection via traditional 
oxygen mediation.
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Edet

Amperometric detection of H2O2
Produced at detector electrode.
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[glucose]/mM
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i/
A
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Detection potential E = 0.8 V 

Hydrogen peroxide oxidation
at SWCNT surface.

Amperometric glucose detection via traditional 
oxygen mediation.

Lineweaver-Burk 
Plot

Batch amperometry data

Linear Region
0.3-2 mM
R2=0.998 (N=9)
Detection limit (S/N=3)
= 0.1 mM
Response time = 17s
Sensitivity
0.17 A/mM
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Davis et al. J. Am. Chem. Soc.,
2002, 124, 12664-12665.
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An example of an EC process

is the electrochemical oxidation of 

ascorbic acid (vitamin C) and its 

subsequent reaction with water 

(the solvent) to yield electrochemically 

inactive dehydroascorbic acid.

Sensor
response to
ascorbate
injections

detection
potential

polymer film
electronically
conducting at
this potential

current direct
measure of ascorbate
concentration





• Depending on the shape of the potential/time perturbation signal
and on the mode of the analyte transport, voltammetric techniques
can be classified as

• Linear potential sweep & cyclic voltammetry (LPSV, CV)
• Potential Step Methods (chrono-amperometry,)
• Hydrodynamic voltammetry (rotating disc, rotating ring/disc 
voltammetry, flow injection analysis, wall/jet voltammetry)

• Stripping Voltammetry (ASV,CSV).
• Voltammetric techniques are distinct analytical tools for the
determination of many inorganic and organic substances which
can be reduced or oxidised at indicator electrodes at trace levels.
the simultaneous determination of a number of analytes is possible
using voltammetric techniques.

• Usually the volume of the sample solution used is large and the size 
of the indicator electrode is small, and the measurement time is
short, so the bulk concentration of the analyte does not change 
appreciably during the analysis. Thus repeated measurements can
be performed in the same solution.

• The selectivity of the technique is moderate and can be largely
enhanced by the combination of a separation step such as liquid
chromatography with electrochemical detection (LCEC).

Further aspects of voltammetry.



Choice of working electrode depends on specific analytical
situation. Mercury working electrodes (DME, SMDE, MFE)
useful for trace metal analysis in which
reduction of metal ions (e.g. Cd2+, Zn2+ etc) occurs at Hg surface.
Hg exhibits a large overpotential for H2 gas evolution, and so
the potential window available in aqueous solution for metal
ion reductions is quite large (-2.7 to ca. + 0.3 V vs SCE).
Hg electrodes not useful for oxidations because Hg oxidises
at low potentials via 2Hg -> Hg2

2+ + 2e-. Also there is concern over
toxicity of Hg.
Instead solid electrodes such as Pt, Au and C 
(graphite, glassy carbon) are employed for oxidative analysis. 
These electrodes are electronically conductive and the surface
can be readily renewed.
The potential window available in analysis will be determined by
the solvent adopted as well as on the supporting electrolyte used.
The upper potential limit in aqueous media is ca. + 1.5 V (vs SCE)
and is set by the onset of O2 evolution.

Some practical considerations in voltammetry.
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Charging and Faradaic currents.
CDL

Electrode RCT

i

iC

iF

RS

Solution

CF iii 

The objective is to maximise iF and 
minimise iC . Note that iC is always
present and has a constant residual value.
As the concentration of analyte decreases
iF decreases and will approach the value of 
the residual value of iC. This places a lower
limit on analyte detection and hence on the
use of voltammetry as an analytical application.

Voltammetric measurements rely
on the examination of ET
processes at solid/liquid
interfaces.
Analytical uses of voltammetry
rely on measuring current flow
as a function of analyte concentration.
However applying a potential
programme to an electrode necessitates
the charging of the solid/liquid
interface up to the new applied
potential. This causes a current to
flow which is independent
of the concentration of analyte.
Hence the observed current
is the sum of two contributions,
the charging current and the
Faradaic current.
The Faradaic current iF is 
of primary analytical interest
since this quantity is
directly proportional to
the bulk concentration of the
analyte species of interest.
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Charging current and Faradaic current contribution can be 
computed for various transient electrochemical techniques

Potential step technique.

iE

FE
if EEE  )(tiF

)(tiC

i

t

F

CF

ii
ii

















DLSS
C CR

t
R
Ei exp

2/12/1

2/1

t
cnFADiF 



 Take reading
when iC is small.

A similar quantitative analysis can be done for DC polarography
and linear potential sweep voltammetry.



Polarography : voltammetry at mercury 
electrodes.
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Polarography uses mercury droplet 
electrode that is regularly renewed 
during analysis.

Applications:
Metal ions (especially heavy metal 
pollutants) - high sensitivity.
Organic species able to be oxidized 
or reduced at electrodes: quinones, 
reducing sugars and derivatives, 
thiol and disulphide compounds, 
oxidation cofactors (coenzymes 
etc), vitamins, pharmaceuticals.
Alternative when spectroscopic 
methods fail. 
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Jaroslav Heyrovský was the inventor of the 
polarographic method, and the  father of 
electroanalytical chemistry, 

for which he was the  recipient of the Nobel 
Prize. 

His contribution to electroanalytical chemistry 
can not be overestimated. 
All modern voltammetric methods used now in 

electroanalytical chemistry originate from 
polarography.

Swedish king Gustav Adolf VI awards the Nobel 
Prize to Heyrovský in Stockholm on 10.12.1959



On February 10, 1922, the "polarograph" was born 

as Heyrovský recorded the current-voltage curve for 

a solution of 1 M NaOH. 

Heyrovský correctly interpreted the current increase 

between -1.9 and -2.0 V as being due to deposition of 

Na+ ions, forming an amalgam.

Typical polarographic curves (dependence of 

current I on the voltage E applied to the electrodes. 

The small oscillations indicate the slow dropping 

of mercury): lower curve - the supporting 

solution of ammonium chloride and hydroxide 

containing small amounts of cadmium, zinc and 

manganese, upper curve - the same after 

addition of small amount of thallium.



Cd2+ ion reduction

Cd2+ + 2e-  Cd(Hg)

‐ E/V

i/A

[Cd2+]





Differential pulse voltammetry (DPV)



Mercury working electrodes

Most common waveforms 
used
in voltammetry.
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Polarography : voltammetry
using Hg as a working
electrode.

Spherical Hg drop
formed at the end
of a glass capillary.
This is used as a 
working electrode.
Linear potential ramp
used as perturbation.
Resulting current
response examined as
function of potential.
Using the dropping
mercury electrode (DME)
or the static mercury
drop electrode (SMDE)
the drop size and drop 
lifetime can be accurately
controlled. Each data point
measured at a new Hg drop
ensuring constant surface renewal.

Electrode schematic.

Typical
current/voltage
polarograms.
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)(tFA Apply sequence of 
little potential steps
to a series of growing
Hg drops and measure
current flowing as a function of
drop lifetime.
Resulting current response given
by the Cottrell equation.

The drop area is a function of time,
and also the diffusion layer thickness
gets thinner as a result of the 
expanding drop. Taking these effects
into account gives the Ilkovic equation.

2/12/12/1)(  tDctnFAiD 

6/13/22/1

3/2

4
3

3
74 tmcnDFi

Hg
D






























Drop lifetime 

New drop

E

t



Drop fall

Charging current iC

Faradaic current iF

Net current flowing
consists of Faradaic
current iF of
analytical significance
and a charging current
iC arising from the
electrical properties
of electrode/solution
interface.

Best to sample
current at a time *
just before the
end of the drop life
when iF is maximum
and iC is minimum
for optimum
sensitivity.

New drop

*t
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1/ 2 2/3 1/ 6607Di nD m t c

Ilkovich equation

Mass flow rate (gs‐1)

Drop time

2/3 1/30.00567( )c pzc DLi E E C m t 
Charging current

1/3 1/ 6'c Di i i Kt K t   
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Heyrovsky-Ilkovich equation.

 
 1/ 2 ln Di i ERTE E

nF i E


 

E

Ln (iD-i)/i

Slope = RT/nF

Can evaluate n and E1/2 via Heyrovsky
Ilkovich plot.
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Differential pulse voltammetry.
Ordinary voltammetry has a LOD of ca. 1 M. To obtain greater
sensitivity (LOD ca. 10-8M) we can develop a more sophisticated 
potential waveform such as that used in 
differential pulse polarography.

Drop birth

First current
sample

Second current 
sample

Drop fall

5-100 ms

E = 10-100 mV

0.5-4 s

t

E

Apply series of potential pulses of 
constant amplitude E with respect
to a linearly varying base potential E.
We plot I = I() – I(’) where ’ denotes
the time immediately before application 
of pulse and  is the time, late in the pulse
just before drop is dislodged, as a function
Of base potential E.

A plot of I vs E is peaked,
the height of which is proportional
to the bulk concentration of
analyte.

E

I

EP

IP

 





 


















RT
EnF

cnFADIP

2
exp

1
1

2/12/1

2/1








22/1
EEEP




Charging
current
contribution
minimized :
hence greater
sensitivity.
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Stripping Voltammetry.

Trace and ultratrace determination of analyte species in complex
matrices of environmental, clinical or industrial samples pose a
significant challenge.
Resolution of these analytical problems is often obtained by use
of preconcentration techniques. 
One such technique is stripping voltammetry.
This is a two stage technique.
1. Preconcentration or accumulation step. Here the analyte species 

is collected onto/into the working electrode
2.   Measurement step : here a potential waveform is applied to

the electrode to remove (strip) the accumulated analyte.

SV is the most sensitive of the available electroanalytical
techniques and very low detection limits are possible (< 10-9M,
< ppb).
The technique results in greatly enhanced faradaic current,
while the charging current contribution remains unchanged.
Hence the ratio iF / iC is increased resulting in enhanced sensitivity.
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• The concentration of metal atoms in the amalgam depends
on the deposition current and on the deposition time.
We need to maximise cM to obtain maximum
analytical sensitivity. 

• This can be done by using long
deposition times or by increasing the deposition
current by increasing the stirring rate/rotation rate
or flow rate. One can also increase the electrode surface
area while maintaining a constant electrode volume.

• The hanging mercury drop electrode HMDE is used for ASV studies. 
Its advantages are good reproducibility 
but disadvantages include the necessity of
using low stirring rates during pre-concentration and the HMDE has
a low surface area to volume ratio which limits sensitivity.

• The mercury thin film electrode (MFE) is also used in ASV.
This consists of a thin film of Hg deposited on an inert support
electrode such as C, Pt, Ir via Hg2+ + 2e-  Hg. Typically the
Hg film is 1-1000 nm thick. The advantages of the MFE is a
high surface area to volume ratio hence excellent sensitivity.
The MFE exhibits great stability so one can use very high stir 
or rotation rates during pre-concentration. 

• Generally we use the MFE for analyte concentrations less than 10-7 M
and the HMDE for higher analyte concentrations.

• The stripping peak current varies 
linearly with the  sweep rate and the
peaks are thin and sharp.

Hg

depdep
M nFV

ti
c 

RT
ALcFni M

p 7.2

22 


MF thickness

GC
support

MF
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• SV has a number of variants ; these are classified by the nature
of either the stripping step or the preconcentration step :

• Anodic stripping voltammetry
• Cathodic stripping voltammetry
• Adsorptive stripping voltammetry
• Abrasive stripping voltammetry

Anodic Stripping Voltammetry (ASV).

• Accumulation : employs electrolytic preconcentration ; have 
reduction to metal ions and amalgamation Mn+ + ne-  M(Hg)
where Mn+ = Pb2+, Cd2+, Zn2+, Cu2+ etc. Have preconcentration
from a large volume of solution into a small volume Hg electrode,
with solution stirring. This is an example of electrochemical
extraction.
• Measurement : this is the stripping step, and employs a positive
directed potential waveform which causes oxidation of any metals
present in the Hg electrode : M(Hg)  Mn+ + ne-. Oxidation is
an anodic process and hence the term anodic stripping.
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ASV is used primarily for the determination of amalgam forming 
metals. A schematic representation
of the ASV experiment is
presented across.
The shape of the stripping 
peak will depend on the 
type of electrode used,
the voltammetric waveform,
and the kinetics of the
electrode reaction.
Note that the order in which
metals are stripped from the 
amalgam is that of the metal
ion/amalgam couple formal
potential. This allows the metal
to be identified on the basis of
the stripping peak potential.
The choice of the deposition potential is made such that the
current is limited by mass transfer, not ET kinetics. Also one
selects a potential 0.2-0.3 V more negative than the polarographic
E1/2 value of the redox couple. The choice of Edep also allows
selectivity in the stripping voltammogram.
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Cathodic Stripping Voltammetry (CSV).

• The pre-concentration step employs electrolytic formation of
a sparingly soluble salt between oxidised electrode material
and the analyte. The salt is deposited on the surface of 

the electrode.
Examples :

• Halides : 2Hg + 2 X-  Hg2X2 + 2e-

• Thiol compounds : 2 Hg + 2 RSH  Hg(SR)2 + 2 H+ + 2 e-

• The stripping step involves the reduction of the salt formed
(a cathodic step) .

Example :
• Hg2X2 + 2 e- __> 2 Hg + 2 X-

Adsorptive Stripping Voltammetry (AdSV).
• Pre-concentration involves adsorption of an organic compound
or a metal complex onto an electrode surface. This is a
non electrolytic pre-concentration process : no ET is involved.

• The stripping step involves determination of the adsorbed
species by reduction or oxidation as appropriate using a 
suitable potential programme (LSV, DPV, SWV methods).
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Example : ADSV of metal complexes.

Mn+ + p L [MLp]n+

[MLp]n+(aq) [MLp]n+ (surf)

[MLp]n+ (surf) + n e-
M + p L

complexation

adsorption

reduction

AdSV uses the formation of an appropriate metal chelate,
followed by its controlled interfacial accumulation onto the
working electrode via adsorption. Subsequently, the adsorbed 
metal chelate is reduced by a negative going potential scan.
The reduction can proceed via the metal or the ligand L of
the complex. The resultant adsorptive stripping response
reflects the corresponding adsorption isotherm, as the surface
concentration  of the analyte is proportional to its bulk
concentration. In many cases the 
Langmuir adsorption isotherm is used
in quantitative data analysis. Hence
calibration plots often exhibit deviations from
linearity at high concentrations
due to saturation of surface
coverage.











Kc

Kc
m 1

Langmuir adsorption
isotherm
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Potentiometric stripping analysis (PSA).

• Potentiomtric stripping analysis is another attractive version
of stripping analysis. 

• The pre -concentration step in PSA
is the same as for ASV. The metal is electrolytically deposited
via reduction onto the Hg electrode (which is in tin film form).

• The stripping is done by chemical oxidation, e.g. using oxygen
or mercury ions in solution.

• M(Hg) + oxidant  Mn+ + Hg
• Alternatively it is possible to strip the metal off by application

of a constant anodic current through the electrode. The potential 
of the electrode, when monitored as a function of time,
produces a response analogous to a redox titration curve, which
contains qualitative and quantitative information. 

• A sudden change in the potential when all 
the metal deposited in the
electrode has been depleted from the surface. The time
required to reach the “equivalence point” is proportional to
the bulk concentration of the metal ion.

• For constant current PSA the stripping time is
inversely proportional to the
stripping current.

ox

DM

c
tc


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• Note that the use of PSA
circumvents serious interferences
characteristic of AV, such as
oxygen or organic surfactants.

Further comments.

• The choice of analysis waveform
used during the stripping step

can also affect the shape and 
ultimate sensitivity of the output
curve obtained in the various
types of stripping experiments.

• In recent years use has been made of chemically modified electrodes
for pre-concentration and stripping analysis of a variety of analyte
species. This is a extensive research area at the present time.






























