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* Union of Pure and Applied Chemistry (I.U.P.A.C.) with the hope that this

latter Commission will be able to make use of it for the formulation of recom-
mendations at the July 1955 meeting of I.U.P.A.C. in Zurich, Switzerland.
The following authors have collaborated in the preparation of this report:

J. O’M. Bockris, University of Pennsylvania;
R. Defay, University of Brussels;

E. Lange, University of Erlangen;

G. Valensi, University of Poitiers;

P. Van Rysselberghe, University of Oregon.

R. Piontelli of the Politecnico of Milan, who had participated in the early
stages of the work, has been occasionally consulted.

1. General Definitions

1.1. C'at'ion: A cation is a positively charged atom or grouping of atoms.

1.2. Anion: An anion is a negatively charged atom or grouping of atoms.

1 .3.. The elgctric potential in a vacuum and at a sufficient distance from all
material systems (i.e. outside the effective range of image forces) is defined as
follows:

A point charge g, deprived of any material support, is moved infinitely
slowly frorp infinity to the point considered, the work expended in this
process being w. The electric potential is the limit of the quotient w/q

\ffivhlzn g tends towards zero. - During this process the electric and magnetic
elds (acting on the point charge) are regarded as stationary.
1.4. The electric potential d;

' ifference from a point A to a point B is equal to
t:h(;\I the:.tric p;)ltentlal at poin.t 4 minus the electric potential at point B.

diﬁ‘eren'cezstd:ﬁir?jnih vers:ﬁ)rll) of the present report the electric potential
diffe ed here will be called zensio ile i jon
it will be called Spannung. " while i the German versio
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2. One-phase electrochemical systems

2.1. The outer electric potential of a conducting phase, the bounding surface
of which is uniform, is that defined in the classical theory of electricity and
is taken, in vacuum, as the potential immediately outside the effective range
of action of the image forces, i.e. at a distance of the order of 10-4 cm from
the geometric exterior of the phase.

This quantity is measurable. At a distance of 104 ¢ the contribution of
the image forces to the exit work (see 2.7) of the electron or of a monovalent
ion is only about 10 calories per mole.

2.2, To transfer a unit positive charge from the point at which the outer
electric potential has been defined to a point in the bulk of the phase, the
existence of a layer of charges and oriented dipoles requires a quantity of
electric work which must be done against the coulombic forces. The work
thus performed measures the surface electric potential difference.

2.3. The inner electric potential of the phase is the sum of the outer electric
potential and of the surface electric potential difference.

This inner electric potential is also identical with that calculated by
electrostatics from the macroscopic distribution of charge density per unit
volume or unit surface and from the molecular polarization per unit volume.
The inner electric potential is a quantity calculable in principle but not in
general measurable. ,

2.4 (a). In an electrochemical system enclosing all the affective charges
.(1.6. all charges affecting the energy of the system) the electrochemical enthalpy
is defined as the sum of the energy of the system and of the product of the
external pressure and the total volume of the system. )

(6). The partial molar electrochemical enthalpy of a constituent of a phase is
the partial derivative, with respect to the number of moles of this con-
stituent in this phase, of the electrochemical enthalpy of the system enclosing
all the affective charges. 1In this differentiation the pressure, temperature
and all other numbers of moles are kept constant.

(c). The bartial molar chemical enthalpy of a constituent of a phase is equal to
g}e f:k?ctrochemlcal partial molar enthalpy of this cogstituent in this phase
diminished by the product of the molar charge of this constituent and the
inner electric potential of this phase. :
th(f .fleglr)o'cble;iiz ;ectrochemi?al system enclosing all the affective charges
system diminishe el:e; €fiéi’:g_y (odHelmholtz) is defined as the energy of the
‘system, y the product of temperature and the entropy of the
dcg\)zz.;xtg;}ele jfgérofggfrzczltpotzztial of a constituent of a phase .is the Partia‘tl
phase, of t’hc Helm}f)ol(t; (I) the I;luml?er of moles of this constituent in t.hls
N the, affectivot z electrochemical frefa energy of the system enclosing

tvecharges.  In this differentiation the temperature, the volumes

of the phases, the geometric configuration of the system and all other numbers
of moles are kept constant.

(¢). The chemical
chemical potential
of the molar charg
phase.

poten.tzal of a constituent of a phase is equal to the electro-
of thls.consutgent in this phase diminished by the product
¢ of this constituent and the inner electric potential of the
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2.6 (a). In an electrochemical system enclosing all the affective charges
the electrochemical free enthalpy of the system is the sum of the electrochemical
free energy of the system and the product of the external pressure and the
total volume of the system.

(b). The partial molar electrochemical free enthalpy of a constituent of a phase
is the partial derivative, with respect to the number of moles of this con-
stituent in this phase, of the electrochemical free enthalpy of the system
enclosing all the affective charges. In this differentiation the pressure,
temperature and all other numbers of moles are kept constant.

The partial molar electrochemical free enthalpy is identical with the
electrochemical potential defined in 2.5 (b).

(c). The partial molar chemical free enthalpy of a constituent of a phase is
equal to the partial molar electrochemical free enthalpy of this constituent
in this phase diminished by the product of the molar charge of this con-
stituent and the inner electric potential of this phase.

The partial molar chemical free enthalpy is identical with the chemical
potential defined in 2.5 (¢).

2.7. Consider a constituent of a conducting phase. The exit work of this
constituent from this phase is the work which must be expended to take one
mole of this constituent from the interior of the phase, where the electric
potential is equal to the inner electric potential defined in 2.3, to that dis-
tance from the phase where the electric potential is equal to the outer electric
potential defined in 2.1.* :

2.8. The absolute value of the quotient of the exit work divided by the
molar charge of constituent ¢ of the phase a is the exit electric potential difference
of this constituent from this phase.

Thf.: exit electric potential difference can be considered as the sum of two
electric potential differences, one corresponding to the chemical work of

* The exit work is made up of a coulombic term

wa=ZF % — %) = — 2 Fy®
and a chemical term e =2F (Y ~9%) = - uFy

wic® =ps —

In these equati?ns 21 is the number of faradays F per mole of the constituent i, y® represents
the outer ClCCtI"lC potential, p® represents the inner electricpotential, 4% represents the surface
electric potential difference, ps represents the chemical potential of constituent i in the
gﬁifén:ry Schottky state, and u® represents the chemical potential of constituent i in the
Starf:iz\"zficinzhpqss1blefconfu§ion, le.t us ?ecall t.h?,t Schottky’s imaginary state is an ideal
of translation) ate lgpst o co?stltuent i are immobilized (i.e. deprived of their kinetic energy
oS melie bt a distance from each other such that the interionic forces can be considered

negligible, the internal degrees of freedom of the ions contributing each the energy corre-
sponding to the statistical equilibrium for the given temperature

The electrochemical potential of constituent i is given by '

where B =pe+ e

(pa =y +y9

Ty state is taken as corresponding to the zero of chemical potential, the
tten in the two following forms:

If Schottky’s imagina
exit work can be wri

we =W + w * =le1P¢ —ﬁla

= = thxa -
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exit from the phase and another corresponding to the work done in
crossing the barrier due to the surface electric potential difference.

It is frequent practice to make use of an exit work expressed in volts
obtained by dividing the exit work defined above by the faraday. The use
of our new definition of exit work and of that of exit electric potential difference
is more correct from the dimensional point of view. The above definition
of the exit electric potential difference applies unambiguously to ions of
any charge. The exit work can be expressed in electron volts, in kilo-
calories, in joules or in faraday-volts per mole of ion. The exit electric

otential difference is expressed in volts.

2.9 (d). Electrochemical migration or diffusion of a charged constituent of a
phase is the displacement of this constituent from one region of the phase’
to another region of this same phase resulting from a difference between the
values of the electrochemical potential of this constituent in these two regions.

(b). Electric migration or diffusion of a charged constituent of a phase is the
displacement of this constituent from one region of the phase to another
region of this same phase resulting from a difference between the values of
the electric potential in these two regions, the chemical potential of this
constituent having the same value in these two regions.

(c). Chemical migration or diffusion of a neutral constituent of a phase (for
instance the simultaneous diffusion of the two ionic species produced by the
dissociation of a neutral electrolyte species) is the displacement of this con-
stituent from one region of the phase to another region of this same phase
resulting from a difference between the values of the chemical potential of
this neutral species in these two regions.

2.10. An electrolyte is a liquid or solid phase in which a difference between
the values of electrochemical potential in two regions of this phase will
cause at least one ionic species present in significant concentration to move
detectably from one region towards the other.

3. Tuwo-phase electrochemical systems

.3.] . The literal meaning of the word electrode is: a metallic phase in contact
with an electrolyte. By extension one also designates as electrodes certain
electrochemical systems having two (or sometimes several) phases. In
general one of these phases is a metallic conductor. In electrochemistry
the word elecirode applies particularly to metal-solution systems.

3.2.. With reference to the conventional direction of the current (which is
opposite to that of the movement of the electrons in the metallic phases),
each phase of a cell (see Part 4) possesses an eniry and an exit face.

3.3. A metallic conductor in contact with an electrolyte functions as a
fathode with respect to this electrolyte if its face of contact with the electrolyte
is 'the entry face for the metal. Conversely, a metallic conductor in contact
with an electrolyte functions as an anode with respect to this electrolyte if its
face of contact with the solution is the exit face for the metal.

' 3.4. The Volta electric potential difference of a phase 1 with respect to a phase 2
is equ_al to the outer electric potential of phase 1 diminished by the outer
electric potential of phase 2, when the two phases are in contact. :

3.5. The Galvani electric potential difference of a phase 1 with respect to 2
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* phase 2 is equal to the inner electric potential of phase 1 diminished by the
inner electric potential of phase 2, when the two phases are in contact.

The absolute electric potential difference of an electrode is equal to the inner
electric potential of the metal diminished by that of the electrolyte. It is,
therefore, a Galvani electric potential difference.

3.6. We shall assume that there exists at all interfaces an electrochemical
double layer, a term which we recommend for use in place of electric double
layer’ (and particularly in place of ‘electrolytic double layer’, an expression
frequently employed in German).

The electrochemical double layer of a simple metal-electrolyte electrode
in the absence of current starts, on the metal side, at the point where the
chemical potentials of the ion and of the electron in the metal begin to vary
from the values in the bulk of the metal; it extends to the point in the electro-
lyte where the chemical potentials of the reactive species in the solution
become equal to theirvalues in the bulk of the solution.

The thickness of the double layer may thus also depend on other consti-
tuents of the solution apart from those taking part in the electrode
reaction.

On the solution side the double layer can be decomposed into two portions.
That which is contiguous with the metal possesses some of the properties of
adsorption layers and the standard chemical potentials of its constituents
will in general be different from the corresponding standard chemical
potentials in the bulk of the solution. The other portion, which is contiguous
with the solution, is called diffuse double layer and the standard chemical
potentials of its constituents are equal to’ the corresponding standard
chemical potentials in the bulk of the solution.

3.7. An eléctrode reaction is a reaction involving the constituents of two
phases in contact by which a transfer of charge takes place from the bulk of
one phase to the bulk of the other.

3.8. The electrochemical free enthalpy of an electrode reaction is equal to the
sum of the electrochemical potentials of the products of the reaction multi-
plied respectively by their stoicheiometric coefficients, diminished by the sum
of the ?Iectrochemical potentials of the reactants of the reaction multiplied
respectively by the absolute values of their stoicheiometric coefficients.

3.9. The electrochemical affinity of an electrode reaction is the quantity
defined in 3.8 taken with a negative sign.

At elcctrochem.ical equilibrium these two quantities are equal to zero.

3.1 0 The cher.mca% free enthalpy of an electrode reaction is derived from the
Clgc}r:‘ncal po.tenttlals in the same manner as the electrochemical free enthalpy
of this reaction is derived from the electrochemical potentials of the products
and reactants.

3.11. The .chemical affinity of an electrode reaction is the quantity defined in
3.10 taken with a negative sign. :

3.12. We propose the adoption of a unit of advancement of a reaction called

the dedonder and defined as follows:
th}en, froma given initial state, a reaction has progressed in such a manner
tioa;, t?;, :ea;h c%nstlt\;ent on the right-hand side of the stoicheiometric equa-
ton, 10 as been formed a number of moles equal to the stoicheiometric
cient of this constituent, then the reaction has advanced by one dedonder.
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Affinities and heats of reaction are then expressed in calories . dedonder-1,
the reaction charges (see 3.13) in coulombs . dedonder™1, etc.

3.13. The reaction charge of an electrode reaction is the charge transported
from phase 1 to phase 2 by the reaction when it has advanced by one de-
donder, i.e. when it has occurred once from left to right.

* The number of charges transported by an electrode reaction is the number of
positive faradays transported from phase 1 to phase 2 by the reaction when
the latter has advanced by one dedonder. This number can be positive or
negative.

The product #nF in the denominator of the coefficient RT/nF of the Nernst
equation is the reaction charge and the number , positive or negative, is the
number of charges transported.

3.14. The reversible or equilibrium Galvani electric potential difference of a simple
electrode. (see 3.17) is equal to minus the chemical affinity of the electrode
reaction divided by the reaction charge.

3.15. The chemical enthalpy of an electrode reaction is the sum of the partial
molar chemical enthalpies of the products of the reaction multiplied res-
pectively by their stoicheiometric coefficients, diminished by the sum of the
partial molar chemical enthalpies of the reactants of the reaction multiplied
respectively by the absolute values of their stoicheiometric coeflicients.

- 3.16. The chemical heat at constant pressure of an electrode reaction is the
quantity defined in 3.15 taken with a negative sign.

3.17. A simple electrode is an electrode at which only one electrode reaction
occurs. :

3.18. A polyelectrode or multiple electrode is an electrode at which several
electrode reactions occur simultaneously.

3.19. The exchange current density at equilibrium, for a given electrode
reaction, is the absolute value of the current density corresponding to the
equal and opposite velocities of the anodic and cathodic transformations.

3.20. Electrolysis is the process occurring at the phase boundary of an
electrode when a qualitative and/or quantitative change of composition
resulting from the electrode reaction is not compensated by migration.

4. Galvanic cells

4.1. Galvanic cells are series of conducting phases, in contact two by two, at
least one.of which is an electrolyte (such that, upon passage of current,
el'ectrolyms takes place), the terminal phases being chemically identical
with one another }E)ut not having necessarily the same inner electric potential.

4.2. The identical extremities of a galvanic cell are called its poles or
terminals.

4.3. A battery (or element) is a practical form of realization of a galvanic
cell used to generate current.

4.4. The.: electric potential difference of a galvanic cell is the electric potential of
one pole with respect to the ot

her, i.e. it is equal to the inner electric potential
of the first pole diminished by thz;t of the second. d

In the schematic representation of a
and numbered in a definite order.
from the first phase to the last.

cell the different phases are written
The electric potential difference is taken
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If the phases are numbered as follows: 1,2,3,...1 the phases | and 1’
being of the same metal and constituting the poles of the galvanic cell, the
electric potential difference of the cell is the difference ¢! -1’ between
the inner electric potentials of the phases 1 and 1°.

4.5. The cell reaction is the chemical reaction, or, in a general way, the
material change which the various constituents of the cell take part in and
which is connected with the passage of current.

When the electric current changes its direction, the cell reaction also
changes its direction.

4.6. The reaction charge of the cell reaction, and also the number of charges
transported by the cell reaction are defined as in 3.13, the phases 1 and 2
becoming now the terminal poles 1 and 1’ of the cell.

4.7. The chemical affinity of the cell reaction has the following important
property: it is equal to the electric work which is done reversibly by the cell
reaction on the external circuit when the reaction has advanced by one
dedonder. :

4.8. The above definitions lead to the following relation: the reversible
electric potential difference of the cell is equal to minus the chemical affinity
of the cell reaction divided by the reaction charge.

Note that this relation is valid regardless of the direction in which the
cell reaction is written, the reversal of the reaction implying a change of sign
of both the affinity and the reaction charge. Nevertheless, for the needs of
thermodynamics, the Commission on Electrochemistry of the International
Union of Pure and Applied Chemistry (I.U.P.A.C.), in conjunction with the
Commission on Physical Chemical Symbols and Terminology, has recom-
me.nded (Stockholm, 1953) that the cell corresponding to a given reaction be
written down in the direction making the reaction charge positive.

4.9. It is useful to consider the quotient of the chemical affinity divided
lt)ﬁr thcureaction charge, in magnitude and sign, as the electrotromotive force of

e cell. -

. Th_e revergible electric potential difference of the cell is equal, but of oppo-
site sign to its electromotive force.

4.10. Let us consider for example the Daniell cell and let us number its
phases as follows:

Cu Cu2+
1 2

Zn2t+ Zn Cu
3 l 4 ‘ 1’

The el.ectri?, potential difference of the cell is gt —gl’. At equilibrium the
potential gllffer?nce' ¢\ — gl is the electromotive force of the cell.
Neglecting diffusion phenomena we may write the cell reaction as

(a) Cu?t +Zn—>Cu +Zn2+,
the chemical affinity 4, being such that 4, = — AG,, and the reaction charge
being n,= -2, or as ’

(®) Cu +Zn2+—>Cu2+ + Zn,

the chemical affinity 4,

AG, = -AG,), being such that 4, = —AG, (with ;= -4

and the reaction charge being n, = +2.
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We have, from both ways of writing the cell reaction:
Reversible electric potential difference =
"'Aa__ - ( —AGa) — ""Alz - - ( "'AGb)
—9F ~ -2F  +2F  +2F
Electromotive force =
+d, _ +(=AG) _+4; _+(-AG)
-2F  -2F  +2F  +2F

We thus have :
Reversible electric potential difference = - electromotive force,
or  Reversible electric potential difference + electromotive force =0.

At electrochemical equilibrium there are indeed two forces or tensions
which are equal and opposite: an electric force (‘tension’ in French, ‘Span-
"nung’ in German) and a chemical force, the latter corresponding to the

electromotive force.

Let us note that a positive electromotive force indicates that the chemical
affinity of the cell reaction tends to transport positive charges from left to
right inside the cell. : '

4.11. The above relations between electric potential difference or electro-
motive force on the one hand and chemical affinity or chemical free enthalpy
of the cell reaction on the other hand satisfy the electrochemical require-
ment that, to a particular schematic representation of a galvanic cell, one
should be able to associate two directions of the cell reaction corresponding
to the two possible directions of the electric current.

4.12. From the point of view of chemical thermodynamics this situation
may be simplified through the fact that chemical reactions are then written
In one particular direction and that one has to associate an electric potential
difference to the chemical affinity corresponding to this direction. Between
th.e two possible ways of formulating this association the I.U.P.A.C. Com-
missions (see 4.8) have implicitly selected the following:

Electromotive force _ chemical affinity of the cell reaction
: absolute value of the reaction charge

and hence:

Reversible electric _  chemical affinity of the cell reaction
potential difference absolute value of the reaction charge

These formulas may be regarded as corresponding to a schematic representa-
tion of a galvanic cell sy

ch that, when the cell reaction is actually taking
place from left to right as written. t} i ing in
From lef o righs ¢ n, the reaction charge flowing in the cell

Le. in the direction of the numberi Cthe phases:
1,2,3,. .. 1) be positive (sce £.8). erng of the phas

‘ 4.13. The relative electric potential diffe
tial difference of a galvanic cell co
electrode under study and its solu
reference electrode, and finally
the electrode under study, ,

rence of an electrode is the electric potens
mprising successively: the metal of the
tion, the solution and the metal of the
a terminal pole of the same metal as that of
the liquid Jjunctions involving electric potential
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differences which are subtracted from the total electric potential difference
of the cell.

This quantity is rigorously accessible to measurement in the unusual case
in which the reference electrode is in contact with the same electrolyte as
the electrode under study.  Itis then equal to the electric potential difference
of the cell defined by the electrode under study, the metal of which forms the
first pole, the solution belonging to the reference electrode, the metal of
the reference electrode, and finally the second pole identical with the first
metal.

When the reference electrode is not in contact with the same electrolyte
as the electrode under study, it is possible to obtain an approximate value
(to within a few millivolts) of the relative electric potential difference. This
is carried out with an arrangement similar to that described above, except
that, between the two liquid phases, one places a concentrated solution of
an electrolyte consisting of anions and cations of approximately the same
mobility, for example a saturated solution of potassium chloride, in order to
reduce as much as possible the contributions of the liquid junctions.

It may be noted that the definition of relative electric potential difference
given above automatically implies the use of electrode potential differences of
the type referred to as ‘ European’ (the noble electrode potential differences
being positive), sometimes called ‘reduction potentials’. The opposite
arrangement (first pole attached to the reference electrode, second pole is
the metal of the electrode under study) would lead immediately to the use of
electrode potential differences-of the type referred to as ‘American’ (noble
electrode potential differences negative), sometimes called ‘oxidation
potentials’,

4.14. An ideal dilute solution is defined as a solution such that, when the
temperature and pressure are constant, the chemical potential of each dis-
solved constituent varies linearly with the natural logarithm of its molar
conce.ntrafion (or of its molality or of its mol fraction), the coefficient of the
logarithmic term being equal to the product of the perfect gas constant and
the absolute temperature.

Aft.er having stated which concentration unit is to be used, a standard
state is chosen for each dissolved constituent such that the chemical potential
ﬁizzihrgll;stci)éved ;:l?n}sltituent is then numerically equal to the constant of the
ideality of th:sgir :C > at.ﬂ;lc same temperature and pressure, defines the

Thizt e St:nt;);l ;t ;n nite dilution with respect to that constituent.
chemit ¥P . rd state is that most qommon.ly adopted in the <?1<_3ctro-

Ty Of aqueous solutions, where it is used in terms of molarities or
preferably of molalities.
elei'rf) ‘38 ;}2‘:”;2‘;’)’(1?5“1 hileitm‘lfg)t?ntial difference of an e.lectrode (or standz{rd
difference of the electrodeq(u11 lilux.n value of the rela:txve electric pgtentlal
constitucnts taking past inoi }fe altlve electrode potential) \N.hcn tl}e dissolved
states, the solid Consl'zithcms e C.ch‘o.de reaction are all in their standar.d
tuents are at fugacities e uaxlatr ¢ In their pure states, and the gaseous consti-

Tn practice it s goner ;{1 0 one atmosphere, .

y assumed that all gaseous constituents are perfect

as < . .
fur:ss and that their fugacities can then be identified with their partial pres-
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The numerical values of standard electrode potentials depend on the units
employed for concentrations and on the choice of the reference electrode.
The difference between the electrode potentials of identical electrodes dipping
in aqueous solutions of which one has a molality m and the other a molarity
m with respect to a potential-determining constituent is of the order of a few
tenths of a millivolt in the case of dilute solutions. :

Knowledge of the standard electrode potential enables the electrode under
consideration to be placed in the electrochemical series.

4.16. The reference electrode which is most commonly used is the
standard hydrogen electrode. Thisisa reversible hydrogen electrode in which the
hydrogen ion is in its standard state and the hydrogen gas is at a fugacity of
one atmosphere.

It follows that the standard electrode potential of the hydrogen electrode
is equal to zero at all temperatures. The standard electrode potential of
some other electrode can be determined with a precision, which may reach
one hundredth of a millivolt, in a cell with a single solution in which one
electrode is that under study and the other is either a hydrogen electrode or
another reversible electrode previously studied.

Standard electrode potentials are actually combinations of standard
chemical potentials divided by the reaction charge and their values can be
obtained rigorously by extrapolation to infinite dilution.

4.17. Let us note that, when the reference electrode is the standard
hydrogen electrode, our relative electrode potentials (see .13 and 4.15) become
identical with the quantities of the same name (also designated in brief as
ele.ctrode potentials) defined in the recommendations of the 1.U.P.A.C. Com-
missions (see Comptes Rendus de la Dix-Septiéme Conférence, Stockholm, 1953,
pp. 82-83).

In the case of the Zn|Zn2* electrode for example, the relative electrode

pﬁtentitﬁl, or in brief the electrode potential is the electric potential difference of
the ce

Zn
1

Zn2+ Zn
2 1

whil.e for the I.U.P.A.C. Commissions this electrode potential is the electro-
motive force of the cell

Ht(ay+ =1) ( Hy(py,=1), Pt
3 . 4

Pt

Pt, Hy(pn,=1) ‘H+<aﬂ+=1)l Zn?+ | Zn
1 2 3 ‘ 4 | 1

5. Electrode kinetics and polarization phenomena

t 5(i]. At a simple elect-rode (see 3.17) the current corresponding to the elec-
rode reaction is the difference between the absolute values of a forward and
of a reverse current.
. eatletlectrochemical equi!ibrium the forward and the reverse current are
q5 . _(;)\ fach other. Their common value is the exchange current (see 3.19).
elec.tr'o . ri fotl?)elec.lmi(i (ile'?f 3.18) the partial current corresponding to each
ction 1s the difference between the absolute values d
¢ ues rwar
partial and of a reverse partial current. oraf

"The sum of the partial currents is equal to the total current.
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5.3. The apparent current density of an electrode reaction occurring at a
simple electrode or the apparent partial current density of an electrode reaction
occurring at a polyelectrode is the current or partial current corresponding
to the reaction divided by the apparent area of the electrode surface at which
the reaction takes place.

In some cases the true surface area available to the electrode reaction will
be known (through the measurement of the roughness factor). 1In such cases
the exact current density is obtainable.

In what follows we shall consider current densities without specifying
whether they are apparent or exact.

5.4. The velocity of an electrode reaction per unit area of electrode surface or electro-
chemical reaction rate density is equal to the current or partial current density
of this reaction divided by the reaction charge.

5.5. The electrochemical reaction rate constant of the forward or of the reverse
component of an electrode reaction is the electrochemical reaction rate
density of that forward or reverse component divided by the bulk concentra-

tion of the reactants raised to the powers required by the order of the
reaction.

The dimensional relations are as follows:
Current density: (charge) x (length)~2 x (time)~1,
Reaction rate density: (length)~2 x (time)~1

= (reaction rate constant) x (concentration)”
= (reaction rate constant) x (length)-37,
Reaction rate constant: (length)3"-2 x (time)-1

= (concentration)~®-1 x (length) x (time) 1.

If, for example, this forward or reverse component of the electrode reaction is
of the first order, we have:

Reaction rate constant: (length) x (time)-1.

At given temperature and pressure these electrochemical rate constants
depend on the Galvani electric potential difference at the phase boundary at
which the reaction takes place. They include the activity coefficients of the
reactants and of the activated complex and, therefore, are not necessarily
independent of composition. Note: the above does not apply to diffusion con-
trolled reactions.

5.6. When a given electrode reaction transfers a positive charge to the
metal of ’Ehc electrode, the corresponding net current is designated as cathodic.
When this electrode reaction transfers a negative charge to the metal of the
cleIctrode, the corresponding net current is designated as anodic.
cur;lerﬁlse(t;l-:;l:ix;llon systems (metal =phase 1, solution =phase 2) anodic
vt megaty ep el currents are positive, (fathodlc current or partial currents

L o .e ot eh oppolsﬁe would hold in s9lution—metal systems.
whicli o roctemzca double l.a_yer of a simple metal-solution electrode
laver beoims ot r;lfi current also includes a diffusion layer. This diffusion
e e e point where the standard chemical potentials of all

P axing part in the electrode reaction have become equal to those in
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the bulk of the solution, and extends outward to the point where the chemical
potentials of all species taking part in the electrode reaction have become
equal to those in the bulk of the solution.

This definition of the electrochemical double layer with net current flow
is thus analogous with that given in 3.6 for the case of absence of net current.

5.8. Polarization is the general name given to the phenomena associated
with the departure of electrode potentials (or of the electric potential difler-
ences of galvanic cells) from their values at a net current of zero.

This electrochemical polarization must be distinguished from dielectric
polarization.

5.9. When, in a polarization experiment, one plots graphically the
electrode potential as a function of the charge density (i.e. the integral of the
product of the current density by the differential of time), the initial slope
(i.e. at time zero) can be determined from the curve thus obtained. This
slope measures the initial polarizability per unit area.

The reciprocal of this quantity is the initial polarization capacity per unit area.

Similarly, after interrupting the stationary current, it is possible to deter-

- mine, at the instant of interruption, the slope of the curve representing the
decrease of electrode potential as a function of the charge density which
would be transported in the same time by the stationary current, and thus
to deduce an initial (decreasing) polarization capacity per unit area.

5.10. When, at a given current density, an electrode is the seat of a certain
single electrode reaction, the overpotential (or overvoltage) of this reaction on
this electrode at a given instant is equal to the electrode potential under
current diminished by the reversible electrode potential corresponding to
this reaction,

5.11. If several electrode reactions, which have distinct values of their
reversible electrode potentials, occur simultaneously at the same electrode,
the electrode potential is called mixed electrode botential.

In many cases the reactions taking place at an electrode are unknown.
The d.lﬁ'erence between the mixed electrode potential under current and
the mixed electrode potential at a net current of zero is called excess eléctrode
potential.

5.{2. Wh(_tn an electrode is the seat of several simultaneous electrode
reactions, it is possible to evaluate an overpotential (or overvoltage) with respect
to the reversible electrode potential of each reaction. This is possible even
in the absence of a net current.
cufx:iﬁ.t '(1)211; frl:ioatlle:t of the overpotential (or overvoltage) divided by the

0 urrent density corresponding to the reaction is called
overpotential (or overvoltage) resistance per unit area,
deﬁ-s ft4y i;r}t‘}‘:eqxszjr:;e?tf tge excess elect.rode potent%al divided by the current

5.15. The diffontia :0 ¢ tpotentzal resistance per unit area. o
derivative of (e station:” ance per umt. area of an electrode reaction is ic
with respect to the corresry overpotential (or ove.rvoltage) of that reaction

ponding current or partial current density.

d.The .hmlt of this derivative when the current tends towards zero is the
ferential resistance ber unit area at zero curr

5.16. The activati ! o '
s vation overpotential (or overvoltage) of an electrode reaction
aking place at a simple electrod

¢ is the overpotential (or overvoltage)
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defined in 5.10 when the electrochemical reaction rate of this electrode
reaction is controlled exclusively by an electrochemical step (i.e. not by
diffusion or non-reactional resistances).

5.17. When the activation overpotential (or overvoltage) of an electrode
reaction is represented as a function of the natural logarithm of the current
density, the relation is often linear at sufficiently large values of the current
density (at which the reverse component of the reaction is negligible) and is
designated as Tafel’s law:n=a+bIn I

When the value of b is written as RT/aF, the parameter « is called the
transfer coefficient.

5.18. The electrochemical free enthalpy of activation of an electrode reaction
at a certain Galvani potential difference is the electrochemical free enthalpy
of activation at equilibrium increased by the product of the following three
factors: the overpotential (or overvoltage), the transfer coefficient, and the
charge involved in one dedonder of the rate determining step.

This definition and the following one imply the applicability of Tafel’s
law.

5.19. When the temperature dependence of the transfer coefficient is
negligible, the electrochemical enthalpy of activation of an electrode reaction at a
certain Galvani potential difference is the electrochemical enthalpy of

activation of this reaction at equilibrium increased by the same product as
that defined in 5.18.

5.20. When the temperature dependence of the transfer coefficient is
negligible, the electrochemical entropy of activation of an electrode reaction has
the same value at any Galvani potential difference as at equilibrium.

The correction to be introduced in the two last definitions when the
temperature dependence of the transfer coefficient is not negligible is easily
derived from simple thermodynamic reasoning.

5.21. The concentration overpotential (or overvoltage) of an electrode reaction
taking place at a simple electrode is the overpotential (or overvoltage)
defined in 5.10 when the rate of the electrode reaction is controlled exclusively
by the diffusion of the reacting species.

The maximum value of the concentration overpotential (or overvoltage)
rea(.:hed with time under any given condition of agitation is called the
Stationary concentration overpotential (or overvoltage).

5.22. The limiting current of an electrode reaction taking place at a simple

clectrgde is the maximum value of the diffusion controlled current corre-
sponding to that reaction.

. 15-23. ’fhe resistanc.e overpotential (or overvoltage) of an electrode reaction
da;: f:ngdP a;ej at a simple electrode is the overpotential (or overvoltage)
y trllle n . 0 when the rate of the electrode reaction is controlled exclusively
yThe resistance of the electrochemical double layer defined in 5.7.
€ resistance overpotential (or overvoltage) is i

often due to a resistant

layer on the electrode surface. g°) ©
re aI:;ltigen?rall t(lile measured overpotential (or overvoltage) of an electrode
n includes all three types of overpotential (or overvoltage). In

certain cases it is possible to elimi
eliminate, at least approxima the
three types of overpotential. ’ PP ey, o of
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Earlier stages of this report have been published as follows:

Recommendations adopted at the 2nd annual meeting (Milan, September
1950) in: )
C.R. de la 2* Réunion du C.I.T.C.E. 1950, Milan (1951) 315 (in French).

Recommendations adopted at the 3rd annual meeting (Bern, August 1951)
in:

C.R. de la 3 Réunion du C.I.T.C.E. 1951, Milan (1952) 409 (in French).

Recommendations adopted at the 5th annual meeting (Stockholm, August
1953) in:

Z. Elektrochem. 58 (1954) 530 (in German).
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