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Introduction
This report was prepared for the Analytical Methods Committee
(AMC) by the author with contributions and critical review from
other members of the Instrumental Criteria Sub-Committee: S.
Green�eld (Chair), S. Gaisford, S. J. Hill, K. E. Jarvis, G. Lord, M.
Sargent (Vice Chair), P. J. Potts and M. West.

All users of analytical equipment should be familiar with
the basic principles of its operation, the main areas of appli-
cation, key features and aspects of day-to-day use. The aim of
this report is to provide a general overview of the technique
followed by an objective evaluation of the instrumentation
and its capabilities in tabular form. The table of selection
criteria is a unique aspect of this series of reports, providing a
checklist of features to be considered in purchasing and using
complex analytical instrumentation. Most features relate to the
instrumentation itself but more general factors such as
installation in the laboratory, service requirements and
manufacturer support are also considered. A brief description
is provided for each feature together with an explanation of its
importance and, if appropriate, guidance on how it may be
assessed.
Other reports
The Analytical Methods Committee has published the following
reports in the series:

Part I. Atomic absorption spectrophotometers, primarily for
use with Flames, Anal. Proc., 1984, 21, 45. Revised in Analyst,
1998, 123, 1407.

Part II. Atomic absorption spectrophotometers, primarily for
use with Electrothermal Atomizers, Anal. Proc., 1985, 22, 128.
Revised in Analyst, 1998, 123, 1415.

Part III. Polychromators for use in Emission Spectrometry
with ICP Sources, Anal. Proc., 1986, 23, 109.
mental Sciences, Plymouth University,
aungardt@plymouth.ac.uk

hemistry 2015
Part IV. Monochromators for use in Emission Spectrometry
with ICP Sources, Anal. Proc., 1987, 24, 3.

Part V. Inductively Coupled Plasma Sources for use in
Emission Spectrometry, Anal. Proc., 1987, 24, 266.

Part VI. Wavelength Dispersive X-ray Spectrometers, Anal.
Proc., 1990, 27, 324.

Part VII. Simultaneous Wavelength Dispersive X-ray Spec-
trometers, Anal. Proc., 1991, 28, 312.

Part VIII. Instrumentation for Gas-Liquid Chromatography,
Anal. Proc. 1993, 30, 296.

Part IX. Instrumentation for High-performance Liquid
Chromatography. Analyst, 1997, 122, 387.

Part X. Instrumentation for Inductively Coupled Plasma
Mass Spectrometry, Analyst, 1997, 122, 393.

Part XI. Instrumentation for Molecular Fluorescence Spec-
trometry, Analyst, 1998, 123, 1649.

Part XII. Instrumentation for Capillary Electrophoresis,
Analyst, 2000, 125, 361.

Part XIII. Instrumentation for UV-VIS-NIR Spectrometry,
Analyst, 2000, 125, 367.

Part XIV. Instrumentation for Fourier Transform Infrared
Spectrometry, Analyst, 2000, 125, 375.

Part XV. Instrumentation for Gas Chromatography-Ion-Trap
Mass Spectrometry, Analyst, 2001, 126, 953.

Part XVI. Evaluation of General User NMR Spectrometers,
Accred. Qual. Assur., 2006, 11, 130–137.

Part XVII. Instrumentation for Inductively Coupled Plasma
Atomic Emission Spectrometers, Accred. Qual. Assur., 2005, 10,
155–159.

Part XVIII. Di�erential Scanning Calorimetry, Accred. Qual.
Assur., 2005, 10, 160–163.

Part XIX. CHNS Elemental Analysers, Accred. Qual. Assur.,
2006, 11, 569–576.

Part XX. Instrumentation for Energy Dispersive X-ray Fluo-
rescence Spectrometry, Accred. Qual. Assur. 2006, 11, 610–624.

Part XXI. NIR Instrumentation for Process Control, Accred.
Qual. Assur., 2006, 11, 236–237.

Part XXII. Instrumentation for Liquid Chromatography/Mass
Spectrometry, Accred. Qual. Assur., 2007, 12, 3–11.
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Part XXIII. Portable XRF Instrumentation, Accred. Qual.
Assur., 2008, 13, 453–464.

Part XXIV. Instrumentation for Quadrupole ICP-MS. Anal.
Methods, 2010, 2, 1206–1221.

Part XXV. Di�erential Scanning Calorimetry, in press.
Fig. 1 Schematic representation of a basic voltammetric system
comprising of three electrodes (WE: working, RE: reference, AE:
auxiliary) immersed in electrolyte solution. Mz+ represents a cationic
species of charge z in solution interacting with the electrode surface.
For further explanations, see text.
An overview of voltammetry
Introduction

The basic principle of electroanalytical chemistry is the
direct conversion of chemical information into an electrical
signal, typically the result of processes occurring within an
electrochemical cell in which the analyte is dissolved in an
electrolyte solution.1 The much wider �eld of electrochemistry
began with a galvanic cell created from zinc and copper wires
and frogs' legs by Luigi Galvani in the 1780s, followed by
Allessandro Volta's precursor to the battery in the late 1790s.2

By the early 20th century, the basic theory and practical
applications of electrolysis, electrode potential, polarisation/
decomposition voltage and di�erent electrode systems had
been elucidated by an international group of scientists,
including C. F. Varley, G. Lippman, B. Kucera, H. Davy, M.
Faraday, H. Helmoltz, W. Nernst and M. Le Blanc. In 1922,
Jaroslav Heyrovsky constructed the �rst polarograph at Prague
University. The original apparatus measured current–voltage
curves resulting from the electrolysis of oxygen at a dropping
mercury electrode. Over the following decades, polarography
was developed for chemical analysis of electroactive
species, eventually leading to the invention of voltammetry
with the advent of the hanging mercury drop electrode in the
1950s.2

In voltammetry, the transfer of an electron between an oxi-
dised and reduced species within an electrochemical cell occurs
at a potential speci�c for each analyte at the electrode/solution
interface. The measured signal is the oxidation or reduction
current as a function of a variable (ramped) potential that is
applied to the electrochemical cell. Signals in the form of a
response curve at speci�c potentials are quanti�ed by area or
height and converted to analyte concentrations by application
of a previously determined calibration equation or through
standard addition.

Since the 1960s, modi�cations to classic voltammetric
techniques and advances in electronic signal ampli�cation
promoted the development of sensitive and selective methods
for the determination of trace metals in solution at picomolar
concentrations as well as the detection of electroactive organic
compounds.

The main advantages of voltammetric techniques include:
� Determination of the analyte in high ionic strength media

without matrix removal.
� Excellent limit of detection that is adjustable (from pmol

L�1 to nmol L�1 range) by changing deposition (pre-concen-
tration) time (from minutes to seconds).

� Linear range approximately 1.3 orders of magnitude.
� On-line or in situ application for near-real time determi-

nation of analytes in the �eld.
1250 | Anal. Methods, 2015, 7, 1249–1260
� Direct determination of operationally de�ned groups of
dissolved metal species, without prior sample treatment (except
�ltration for most applications).

� Moderate cost.
� Continuing development of new electrode systems and

analytical methods that broaden the range of inorganic and
organic analytes and applications.

Disadvantages include:
� Limited capability for multi-elemental analysis.
� Time-consuming analysis.
� Inter-element interferences.
� Matrix interferences (e.g. organic compounds) that may

require sample pre-treatment.
� The reliance in many applications on mercury which may

be banned under future environmental legislation in some
countries.

There is a wide range of instruments of varying complexity
on the market. Some packages o�er an almost ‘black box’
approach to instrumentation and reagents, suitable for routine
analysis following standard operating procedures. Simple
con�guration of separate components may be favoured for
teaching and certain R&D applications, while �exible, modular
and, in some cases, multi-channel instruments provide full
access to analytical parameters, enable di�erent electrode
systems to be used and therefore allow method development
and specialised research applications. A wide range of electrode
systems and a multitude of accessories for sample treatment are
available. This report covers criteria important to the selection
of bench-top systems. Instrumentation for stand-alone or in situ
deployment is not speci�cally considered here, although many
of the discussed criteria will apply.
Key instrument components

The principal components of a voltammetric analyser are
(Fig. 1):
This journal is © The Royal Society of Chemistry 2015
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� Three-electrode cell.
� Voltage generator (potentiostat).
� Voltmeter.
� Current meter.
� Data recorder.
The working, reference and auxiliary electrodes are

immersed in the sample solution containing a supporting
electrolyte and the analyte, which in Fig. 1 is shown as Mz+ and
represents a metal or electroactive compound of the positive
charge z. The potentiostat controls the potential of the working
electrode during the two phases of the analytical cycle: (1) the
deposition of Mz+ at the working electrode (pre-concentration
step) and (2) the potential scan during which the electron �ow
resulting from oxidation or reduction of the analyte is measured
as current i. The reference electrode provides a constant refer-
ence potential that remains uncompromised because the
current �ow in the cell is conducted through the auxiliary
electrode and the potential at the auxiliary electrode balances
the oxidation or reduction reaction that occurs at the working
electrode. The current signal (i) is recorded as a function of the
potential (E) and has the form of a current peak resulting from
the oxidation or reduction of an analyte at a speci�c potential.

Most instruments are controlled via computers with bespoke
so�ware, which also allows the selection of analytical parame-
ters and the storage, treatment and display of data. Alterna-
tively, some integrated instruments feature a display and
keypad, through which analytical and output parameters are
controlled.

Accessories may include:
� Integrated sample stirrer.
� Integrated sample de-oxygenation facility.
� Automated facilities (e.g. for change of sample, reagent

and/or standard additions).
� Sample pre-treatment apparatus (e.g. �ltration, oxidation

of organic matter).
Working electrodes (WE). A wide range of working electrodes

is available, including:
� Silver (solid state).
� Gold (solid state).
� Platinum (solid state).
� Palladium (solid state).
� Mercury drop.
� Glassy carbon (solid state).
� Mercury �lm on glassy carbon or iridium.
� Bismuth �lm on glassy carbon.
� Pyrolytic graphite (solid state).
� Carbon paste or carbon nanoparticle paste.
� Boron doped diamond (solid state).
The con�gurations of the solid state electrodes include static

or rotating rods, shaking or rotating disk and ring electrodes,
single micro-electrodes and micro-arrays.

While the determined quantity is the current (i) that crosses
the electrode/solution interface, it is the current density
(current per unit electrode surface area in A cm�2) that is
directly proportional to the concentration of the analyte in
solution. Voltammetric signals depend on the dimensions of
the working electrode, which must therefore be constant. The
This journal is © The Royal Society of Chemistry 2015
disadvantage of solid state electrodes is their vulnerability
to fouling, scratches and other surface imperfections, which
alter the e�ective surface area. Resolutions to this problem
include semi-permeable membranes that prevent the migration
of potentially interfering compounds to the electrode surface3,4

and mercury electrodes, which are either �lms plated onto
a solid electrode substrate or the hanging mercury drop
electrode, which provides a fresh Hg drop for each
measurement.

The use of mercury has been restricted in the EU and in
future may be banned in some countries. Although alternative
working electrode materials are available (e.g. bismuth �lm5),
mercury remains the working electrode material of choice
for many applications. Mercury electrodes can span a wide
range of potentials and therefore have a wide analytical detec-
tion window, which is ideally suited for the measurements of
dissolved oxygen, various sulfur species, some organic
compounds, as well as Fe2+, Mn2+ and a wide range of trace
metals at environmental concentrations. For example, anodic
stripping voltammetry (ASV) allows the direct determination
of Cd, Cu, Pb and Zn in natural waters and other media,
while any metal that forms an electrochemically reactive
complex with an added ligand can be determined using
adsorptive cathodic stripping voltammetry (AdCSV, e.g. Co, Cr,
Cu, Ni, Pb, U, V, Zn).6

The most commonly used mercury electrodes for voltam-
metric trace metal determinations in natural waters are the
hanging mercury drop electrode (HMDE) and the mercury �lm
electrode (MFE). The HMDE comprises a mercury reservoir
feeding a capillary, at the mouth of which a drop of reproduc-
ible size is formed by some means of expressing the mercury
(e.g. a valve and knocker or pressurised gas). Di�erent types of
mercury drop electrode include the static mercury drop, drop-
ping mercury and controlled growth mercury electrodes. The
MFE is formed by deposition or plating of elemental Hg onto
the substrate surface of the working electrode (e.g. iridium,
gold, semi-conductors) from a Hg(II) salt in solution. The high
surface area to volume ratio of MFEs a�ords excellent sensitivity
due to the high analyte enrichment factor during the pre-
concentration step7 and the employment of MFE in micro-
electrodes (size <10 mm) allows trace metal determination at
picomolar levels.8,9

Research-driven developments in electrode technology over
the past three decades include chemically modi�ed electrodes
for the determination of organic compounds as well as metals.
Examples include gold-nanoparticle, carbon paste and carbon
nanotube paste electrodes modi�ed with surfactants or
ligands.10–12 The interest in such specialised electrodes within
the scope of this report lies solely in whether or not the
instrument set-up allows for less common electrodes to be used
and developed.

Any working electrode is vulnerable to material being
adsorbed on its surface, which may result in a degradation of
the current response. In such a case, the electrode surface will
have to be renewed (e.g. MFE) or cleaned. In the case of solid
state electrodes, cleaning typically involves polishing with a
�ne-grained material or electrochemical treatment. When
Anal. Methods, 2015, 7, 1249–1260 | 1251
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selecting electrode systems suitable for the intended applica-
tion, such maintenance should be considered with respect to
cost (time) and reproducibility.

Reference electrodes (RE). Reference electrodes are
based on electrochemical equilibrium processes that establish
a stable potential on a metal electrode in solution, whereby the
metal provides the source of electrons. Examples include the
hydrogen electrode (equilibrium: H+

(aq) + e� # 1/2H2(g)), the
calomel electrode (1/2Hg2Cl2(s) + e� # Hg(l) + Cl�(aq)) and the
widely used silver/silver chloride electrode. The latter
consists of a silver wire coated with porous silver chloride
immersed in saturated KCl solution. The KCl penetrates the
porous AgCl coating and the equilibrium AgCl(s) + e� # Ag(s) +
Cl�(aq) is rapidly established at the three-phase boundary made
up by the silver metal, the solid AgCl and the aqueous KCl
solution.13 The salt solution within the reference
electrode must be separated from the analyte solution by a
junction that allows ionic conduction but prevents signi�cant
solution exchange. This junction may be made of a porous
connection, such as a ceramic frit, or a ground-glass �tting.
Electrode solutions need to be renewed regularly in order to
maintain a constant reference potential, as their concentration
and quality could be altered through evaporation and
contamination.

Auxiliary electrodes (AE). The auxiliary electrode conducts
the current �ow during the redox reaction at the working elec-
trode and must provide a surface area equal or larger than that
of the working electrode. Larger surface areas allow the elec-
trochemical reaction at the working electrode to proceed more
rapidly. Examples of materials used in commercially available
instruments include platinum and carbon (graphite).
Key principles of voltammetry

Central to understanding voltammetry are the interactions of
the analyte with the working electrode, as summarised in Fig. 2
for the detection of a metal Mz+ using AdCSV in an electro-
chemical cell.

These interactions include:
� The complex formation between dissolved analyte Mz+ and

the solution ligand L and its dissociation is in thermodynamic
equilibrium.
Fig. 2 Principal reactions of a metal– ligand complex at a mercury
electrode.

1252 | Anal. Methods, 2015, 7, 1249–1260
� Di�usion controls the transport of the analyte, solution
ligand and their complex ML near the electrode surface.

� Di�usion limits the �ux of the analyte, solution ligand and
the metal ligand (ML) complex at the electrode.

� The dissociation of the analyte–ligand complex near or at
the electrode surface is also rate-limiting.

� The solution ligand or the analyte–ligand complex may be
adsorbed at the electrode surface and can cause interferences.

� Redox reactions of the analyte (Mz+/M0 couple) can be
described by the standard redox potential (E0) and rate constant
(k0) for the reaction.

� The charge transfer resulting from the redox reaction is
very rapid relative to the �ux of compounds at the electrode and
is fully reversible (so-called Nernstian behaviour14).

Chemical equilibria are controlled by the chemical poten-
tials of the reactants and products. However, the electro-
chemical equilibrium is determined by the balance between
chemical energies (chemical potentials) and electrical energy.
This occurs because an electron is transferred between the
solution and the electrode, the potentials of which may di�er
from each other.13 Both, chemical and electrical energies are
accounted for in the Nernst equation, which applies under
conditions of constant temperature and pressure:

Fm � Fs … Dm0/F + RT/F ln([reactants]/[products]) (1)

Fm and F s are the electrical potentials of the metal
(working) electrode and the solution, respectively, Dm0 is the
di�erence in chemical potentials between reactants and
products, F is the Faraday constant (96485.3 C mol�1), R is
the gas constant (8.31447 J K�1 mol�1) and T is the tempera-
ture (in K).

A second (reference) electrode is inserted into the electro-
chemical cell because the measurement of the potential drop
Fm � F s requires an electrical circuit, through which a very
small current passes. This allows electrode potential changes to
be measured at the working electrode. By measuring the stan-
dard electrode potentials of redox couples relative to a standard
hydrogen electrode under standard conditions, the Nernst
equation can be re-written:

E … E0
f + RT/F ln([A]/[B]) (2)

Standard electrode potentials for aqueous solutions can be
found in the literature (e.g. Compton and Banks13 and refer-
ences therein) and provide approximate values for formal
potentials, which take into account solution-speci�c condi-
tions. E0

f is the formal standard electrode potential of the half
reaction A + e� # B occurring at the working electrode
surface, which depends on temperature, pressure and elec-
trolyte concentrations. In order to avoid non-negligible current
resulting from the electrode transfer (redox) process through
the reference electrode, a third (auxiliary) electrode
completes the electrochemical cell. The auxiliary electrode
conducts the same current that �ows through the working
electrode and its potential is controlled to a voltage value that
facilitates this.
This journal is © The Royal Society of Chemistry 2015


















