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ABSTRACT — The document is an Appendix to the Manual of Symbols and Termino
logy for Physicochemical Quantities and Units. Together with the other ap-_
pendices notably that on Electrochemical Nomenclature, it expands the recom
mendations for nomenclature in the region of interphases containing charged
particles. After suggesting terms for the description of the interphase it
self, there are sections outlining nomenclature for electric potentials at
free surfaces (a condensed phase in contact with vacuum or dilute gas) and
in interphases (the boundary between two dense phases). These include a di
scussion of the electronic work function and the Volta (or contact) .poten—
tial difference. Interphases between metals, semiconductors and electroly-
tes are discussed. Nomenclature for the thermodynamic properties of the in
terphase at equilibrium is recommended including capacitances and components
of charge. Quantities related to the description of the structure of the in
terphase are discussed and terms consistent with the present knowledge of
this structure are recommended for the situations of the adsorption of ions
or molecules and the possibility of partial charge transfer. Some general
remarks are made about adsorption isotherms. The report concludes with some
recommendations for the nomenclature of the mechanical properties of solid
surface.

PREFACE

This document is devised to constitute an Appendix to the Manual of Symbols and Terminology
[11. It must be used in conjunction with Appendices I [11, II [2,31, and III [4] to the above
manual since a number of quantities have already been defined in the other documents and have
been introduced here without any further comment. Some references can also be found to two do
cuments of the Electrochemistry Commission dealing with transport phenomena in electrolytic —
systems [5], and with recommendations for publication of kinetic parameters [61.

The present document is intended to give an account of the nomenclature of adsorption phenome
na at some electrified interphases. Much of the current discussion of these systems depends
on models. The attempt made here to codify the nomenclature should not be taken to imply en-
dorsement of a particular model.

The document is necessarily incomplete and it is hoped that it will be supplemented in the fu
ture. As major examples, ionic solid/liquid and solid/solid electrolyte interphases are not
dealt with, attention being primarily focussed on metal/electrolyte solution, and secondarily
on electrolyte solution/air and metal/vacuum interphases.

At the end of the document, a list of symbols with the appropriate SI unit has been attached.
Multiples or submultiples are equally acceptable and may frequently be preferred where justi-
fied by usage. Symbols already recommended in Appendix III [4] have not been included in the
list.

1. GENERALITIES
1.1. Interface and Surface

The plane ideally marking the boundary between two phases is called the Znterface. Although
interfaces are always dealt with from a thermodynamic point of view, if attention is actual-
ly focussed on only one of the two phases, the plane ideally marking the boundary between

the phase and the environment is called the surface of the phase. This term is used particu-
larly of a condensed.phase in contact with a vacuum or an 'inert' gas atmosphere, e.g. the
surface of a metal in a vacuum or a dilute gas, the surface of a liquid (much below the
boiling point) in the air. The term free surface (not be confused with "unoccupied" or 'bare"
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PROVISIONAL: Interphases in systems of conducting phases 1253

surface) is often used to emphasize this conditions.

The extension of the interface (surface) is measured by its area, 4. For solids, a real (true,
actual) 4,, and a geometric, A,, surface (interface) area may be defined [41 if asperities a-
re present whose height is orders of magnitude greater than the atomic or molecular size. The
geometric surface is the projection of the real surface on a plane parallel to the macrosco-
pic, visible phase boundary. The ratio f, = 4,/4, is defined as the roughness (rugosity) fac-
tor. If asperities are of the order of the atomic size, the surface of the solid may be better
described as stepped. High index faces of crystals are stepped surfaces but may be ideally
smooth in the sense of the roughness factor.

1.2. Interphase and Surface Region.

Particles of two phases located near a newly created interface are subjected to unbalanced
forces. Modifications occuring to bring the system to equilibrium generally extend somewhat
into the phases. The region between the two phases where the properties vary between those in
the bulk is the interfacial region (Fig.l). It may also be regarded as a distinct - though
not autonomous - phase and be called the interphase. The term ''interface' used synonymously
with "interphase'" is not recommended. There is no clear boundary between the interfacial re-
gion and the bulk of the phases so that the thickness of the interphase depends on the model
chosen to describe this ‘region.

The tridimensional region, extending from the free surface of a condensed phase towards the
interior, where the properties differ from the bulk is the surface region. The term 'surface'
may also be used in this sense. Although only parameters relevant to the interphase as a who
le can be thermodynamically defined it may be convenient and expedient for some purpose to
split them into contributions of the two phases. Therefore, the interphase may be envisaged
as consisting of the surface regions of the two phases in contact (Fig.l). The properties of
each of these generally differ from those of the free surfaces of the phases.

1.3. Electrified Interphase.

Electrified interphases are those containing free charged components, and this term is taken
to include the special case when the net charge reduces to zero. In practice, the interpha-
ses belonging to this category are those that can be, but are not necessarily, electrified.

When charged components are present in the two phases, electroneutrality must be fulfilled,
on the time average, in any infinitesimal volume in the bulk of the phases. In the interpha-
se electroneutrality is also fulfilled in any volume with constant cross-section parallel to
the interface, extending into each bulk phase.

Charged components may or may not cross the interface between two phases. In this respect,
interphases may be divided into the limiting types non-polarized and polarized, respectively.
Ideally non-polarized interphases are those for which the exchange of common charged compo-
nents between the phases proceeds unhihdered. Ideally polarized interphases are those for
which there are no common components between the phases or the exchange of these is hindered.
Real interphases may approach more or less well one of the above two idealized cases. Polari

phase a phase B

bulk bulk

surface region of phase a
surafce region of phase B

interface

interphase

Fig.l - Illustration of nomenclature.
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zability or non-polarizability is not an absolute property of an interphase but depends on a
number of conditions, e.g. time scale of the experiment.

If electrically non-conducting phases are dealt with, injection of a fewcharges into them may
lead to interphase thickness exceeding the size of the phases themselves. In what follows, e
lectrically conducting charged phases are always to be understood.

2. ELECTRIC POTENTIAL AT FREE SURFACES
2.1. Surface of Molecular Liquids

Particles in the surface region of a phase are subjected to orienting forces as a result of
the anisotropic force field. Polar molecules (e.g. permanent dipoles) may thus be preferen-
tially oriented in the surface region, while polarizable molecules may be polarized (induced
dipoles). The array of oriented polar and/or polarized molecules is called the surface dipole
layer with which an electric potential drop is associated, called the surface potential of
the phase, x. Superscripts may be used to identify the phase. The sign of x is positive when
the dipole layer points its negative side towards the exterior of the phase.

If ¢ is taken as the running index of different molecules present in the dipole layer then:
X =ZI;Np, ;/Ae (2.1.1)

where p, ; is the component of the permanent or induced dipole of molecule 7 normal to the in
terface.’ p is taken to contribute a positive surface potential if the positive end of the di
pole points to the interior of the phase,e is the effective (local) permittivity and ¥, is
the number of molecules of species 7 in the surface region.

Oppositely charged ionic components, if present in the phase, may penetrate the surface re-
gion differently and can be envisaged as being located on different planes there. This char-
ge separation may also be expressed as a dipole contribution p, . The surface potential drop
of an electrolyte solution is thus the sum of an ionic and a dipolar contribution. The latter
may differ from that of the pure liquid.

The adsorption of an uncharged molecule may also change x both by changing the orientation or
number of existing molecules and by contributing a dipole potential itself if it has a dipole
Lef. eqn.(2.1.1)1.

2.2. Surface of Metals

Metals are usually envisaged as containing two constituents: ions (ion cores of metal atoms)
and free valence electrons.

All free electrons in a metal experience the same potential energy, V., resulting from elec-
tron-ion and electron-electron 1nteract10ns V. is measured with respect to electrons at rest
in a field-free Yacuum where V., = 0 (Fig.2). It is a negative quantity and includes bulk, V2,
and surface, -FxM, contrlbutlons, the latter belng due to the surface potential of the metal.
Free electrons possess different kinetic energies*, €., increasing up to the Ferm? level whe
re it has the value ef. e, and ef are positive quantities (Fig.2). At the Fermi level:

7o+ ef =t (2.2.1)
where uT is the ehemical potential [41 of electrons in the metal. The reference state for uM
is constituted by electrons at rest in a field-free vacuum where V, = O, hence u, = O.

The total energy of electrons in an uncharged metal at the Fermi level is the molar Fermi er
ergy (Fig.2); measured with respect to the vacuum level, this is the real potential oM of e-
lectrons in the metal:

oM=rb+ ef oM (2.2.2)

or from eqn.(2.2.1):

M M M
¢

a, = U

- FX

in accord with the definition of the real potential. The surface potential xM originates from

(2.2.3)

* The symbol e, is preferred over E, as suggested in [1] in view of the possibility of confu
sion with the symbol F used for the electrode potential. The alternative symbol e for the ki
netic energy of electrons is on the other hand present in the recommendation of the Union of
Pure and Applied Physics (IUPAP).
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the local absence of charge balance in the surface region due here to the electron density
profile not coinciding with the uniform positive background profile.

2.3. Electron Work Function

The electron work function, &, of a metal M is the minimum work needed to extract electrons
from the Fermi level of a metal across a surface carrying no net charge. It is equal to the
molar Fermi energy (or real potential of electrons) taken with the reverse sign:

M M M
¢ =-0,=-u,

+ M (2.3.1)
The work function depends on the structure of the surface at an atomic level. In this sense
it is an anisotropic quantity. Stepped surfaces of metals exhibit lower work functions than
smooth surfaces. Roughness at a macroscopic level is not a parameter relevant to the work
function. Work function can be defined rigorously only for well defined crystal faces. Poly-
crystalline surfaces are made up of different crystal faces. If patchy surfaces are conside-
red, each patch with true work function ¢§loccupying the fractional surface area 0,, the ave
rage work function of the polycrystalline surface may be defined by: . -

o™ = z,0,0" (2.3.2)

However, the actual values of work functions measured with polycrystalline surfaces depend on
the experimental technique used because a different average is obtained in each technique.

If a free charge density o is present in the surface region of phase M, an extra work equal
to FyM must be done to extract electrons, where yM is the electrostatic potential (outer po
tential) [41 of the phase with respect to the vacuum level. Thus (Fig.3):

oM+ M= o M o My pgM (2.3.3)
where {I} is the electrochemical potential [41 of electrons in the phase M and ¢M = pM + yM
is the inner electric potential [4]. uT is the energy binding electrons to the interior of a

charge phase. Since the chemical potential is indipendent of charge on the phase and of sur-
face structure, eqn.(2.3.3) shows that the arbitrary separation of chemical and electrical pa

reference vacuum level

—————————————— — (V. =0, ¢ =0)

ae = - 0 = uy - FXM
y// Fermi level

/ E filled levels
E(.‘

Fig.2 - Sketch of the energy diagram for electrons in uncharged metals.
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Fig.3 - Illustration of the effect of the presence of a free charge on the Fermi level posi-
tion in a metal.
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rameters implies constancy in xM with surface charge density, which is reasonable in view of
the very low capacitance of the metal/vacuum interphase involving vanishingly small amounts
of charge to change its electrical state.

3. ELECTRIC POTENTIALS IN INTERPHASES
3.1. Dipolar Contribution

Although at the interface between two phases distinct dipolar layers relevant to the two pha
ses may not be experimentally distinguishable easily, it is often convenient for the purpose
of modelling to distinguish separate contributions to the surface potential. The dipole poten
tial of a phase at the interface with another phase is more difficult to define. It differs ~
in principle from that at the free surface and a different symbol must be used. Thus:

gay (@ip) =" + &y (3.1.1)
is the dipole potential ,of phase o at the boundary with phase B. Accordingly:
gty @ip) = + & (3.1.2)

is the dipole potential of phase B at the same interface. The total potential drop associated
with dipolar layers in the interphase is:

Q. a- _ o . _ B .
gg(dip) = 9(g) (dip) - g4y (dip) (3.1.3)
In principle:
g3(dip) # x* - x° = oix (3.1.4)

except the case of the quite fortuitous occurence of s = 6XB. Owing to the high electrical
capacitance of the region between two conducting phases, the charge density there is usually
high and g(dip) must be regarded in principle as dependent on the electrical state of the in
terphase.

3.2. Metal/Solution Interphase

For perfectly polarized interphases in the absence of specific adsorption (see section 5.2)
the electric potential drop may be written as the sum of a contribution arising from charge
separation across the interface and one arising from dipole orientation:

8% = g (ion) + g%(dip) (3.2.1)

qs(lon) is the potential drop associated with free charges on the phases when the solvent mo-
lecules in the interphase are regarded as non-polar polarlzable particles, while any fixed di
pole contribution is 1nc1uded in gs(dlp) The potential drop in the diffuse layer (see section
5.2) is included in gs(lon) At the potential of zero charge [4] gs(lon) 0 by definition,
hence:

M _ M, ..
A5¢o=0 = gs(dlp)0=0 (3.2.2)
By recalling eqn.(3.1.3), egn.(3.2.1) may be written:
M . . .
Kb = g3 (ion) + gy (dip) - gy, (dip) (3.2.3)

If ions are specifically adsorbed (see section 5.3) at a metal/electrolyte interphase, the
contribution to A¢¢ from the ions on the electrolyte side of the interface may be Con51dered
to be partly due to gM(lon) and partly to g (dlp) The former contribution vanished at o

= 0 while the latter does not. Since the amount of ions specifically adsorbed is a func
t10n of the nature of the metal, the composition of the electrolyte etc, the potentlal of ze
ro charge also depends on these factors. The presence of specifically adsorbed ions may also
change the orientation of polar solvent molecules in the 1nterface Hence the analysis of gs
(dip), even at the potential of zero charge, is complex. gs(dlp) w111 also, in general, be a
function of the free charge oM = - o% on the interphase, Z.e. of g M(ion).

The adsorption of uncharged molecules may also change gg(dip) in much the same way as xS is
changed at a free liquid surface. However, because of the possibility of considerable varia-
tions of charge the orientation of these molecules may vary and consequently their contribu-
tion to gs(dlp) is charge dependent.

3.3. Metal/Metal Interphase

When two uncharged metals, M: and M, are brought in contact, electrons flow from the metal
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with lower work function to that with higher ¢ until their electrochemical potentials in the
two phases become equal. This corresponds to the Fermi level becoming the same in the two
phases (Fig.4).

At equilibrium, free charges are present also at the free surfaces. These are responsible for
the onset of a measurable contact potential difference (Volta potential difference), which is
defined as the electric potential difference between one point in the vacuum close to the sur

face of M; and another point in the vacuum close to the surface M,. From eqn.(2.3.3) the cen
tact potential difference is given by:

M M
By = AM1<I>/F (3.3.1)

Since across the free surfaces of the phases the surface potential may be assumed to be inde
pendent of charge (ef. section 2.3) (Fig.5):

M
AM;¢ = AM:X * Ay v (3.3.2)
where ¢ is the inner electric potential and A¢ is the Galvani pnotential difference [41].
3.4. Volta Potential Difference - Metal/Solution Interface
A Volta potential difference is established at the equilibrium between a metal and a solution.

Since the charges on the free surfaces are vanishingly small, x® may be assumed to remain con
stant. Thus (ef. Fig.5):

No = ¥y + Ay (3.4.1)
In view of eqns.(3.1.2) and (3.2.1):
Ngy = g¥(ion) + ax'z's) - X (3.4.2)

At the potential of zero charge, in view of eqn.(3.2.2):

reference vacuum level

Fermi level

Fig.4 - Schematic energy diagrams for two metals in contact.

M,
vacuum AM2¢
(or "inert" atmosphere)
L]
f \ free surface
+ XM1(+ I: —) XM2 -
) +|= °
+|=
+
M, M, M,
AM2¢

'Fig.5 - Illustration of the contact (Volta) potential difference. The point in the vacuum is

at a distance from the phase such that charged particles there do not disturb the charge di-

stribution in the surface region but are still subjected to the whole effect of the outer PO
tential [41].
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M Z s M _ oS
Asw°=0 GX(s) 6X(M) (3.4.3)
Equation (3.3.3) implies that at the potential of zero charge the Volta potential difference

(cpd) between a metal and a solution in the absence of specific adsorption is in principle
different from zero (ef. 3.1). Thus:

B # g(ion)
Bx # g(dip)

Free charge and dipole contributions to potential drops are in principle different at diffe-
rent interphases of the same phase.

(3.4.4)

3.5. Metal/Semiconductor Interphase

The difference from the case in section 3.3 is that the electron density in semiconductors is
as a rule so small that the free charge is a diffuse space charge and the surface region thus
goes deeply into the phase (very many atomic diameters). Hence, most of A¢ is located in the
surface region of the semiconductor, where the surface excess or deficiency of electrons con
stitutes a space charge.

The distribution of potential in the space charge region of the semiconductor results in a
change in the electron energy levels with distance from the interface. This is usually de-
scribed as "bending of the energy bands'. Thus the bands are bent, upwards if o > O and down
wards if o < 0. When o = O the condition of flat bands is met, provided no surface states are
present. Surface states are energy levels localized in the surface region of semiconductors
which do not bear any direct relation to the bulk energy level distribution, but which can
exchange electrons with the bulk. In such a case, a space charge may arise even when o = O.

3.6. Semiconductor/Solution Interphase

For perfectly polarized interphases in the absence of specific adsorption (see section 5.2),
the electric potential drop may be written:

836 = b0, + gy (on) + g (dip) (3.6.1)

where A¢ . is the potential dropo associated with the space charge in the semiconductor and
the last two terms have the same meaning as in eqn.(3.2.1). If effects of surface states are
negligible, A¢,. vanishes as the charge on the semiconductor becomes zero. The potential of
the semiconductor corresponding to this condition is the flat band potential which plays the
same role as the potential of zero charge [4] for metals. At the flat band potential equation
(3.6.1) may be written [ef. eqn.(3.2.2)3:

sC SCp g
Agdpg = g5 (dip)gg (3.6.2)
Arguments given in section 3.1 and section 3.4 are applicable to this interface as well.

In the presence of surface states, o ¢ = 0 does not necessarily imply the condition of flat
band, for the charge trapped in the surface states may be balanced by a space charge of oppo
site sign in the semiconductor (ef. section 3.5).

3.7. Liquid/Liquid Interphase

When two immiscible, liquid, polar (or polarizable) phases S; and S; (e.g. water and nitrcben
zene) are brought in contact, molecules at the newly created interface become preferentlally
oriented by the short- -range, amsotroplc forces located there. A dipolar layer thus arises to
which a potential drop g l(dlp) is associated (ef. section 3.1). If electrolytes aredissolved
in the liquid phases, a % rther contribution due to the redistribution of free charges may be
found. Therefore, the total electric potential drop may be written:

s 1. S$1, s
AS;¢ = gS;(mn) + gs;(dlp) (3.7.1)
where, in the absence of ionic specifc adsorption gzl(ion) = Owhen 6! = - 6°% = 0. Hence:
s
A0y = g5l (dip) (3.7.2)

When ¢ # O, a diffuse layer is present in each of the phases together with a compact layer con
sisting of the dipolar layers in the surface regions of the two phases.

Depending on the specific features, polarized and non-polarized liquid/liquid interphases can
be defined. If < common ions are present in the two phases, the electric potential drop a-
cross the interphase is determined by the equality of the electrochemical potentials in the
phases. Thus, for the cation B:
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A§1¢ = AGS (B)s, s, 257 * (BL/2gF) In(aS2/a 1) (3.7.3)

where AG;(B) is the standard Gibbs energy of transfer of cation B from S, to §, [71. In the
51mp1e case of a common 1-1 electrolyte BA present in the two phases, the elec%rlc potential
drop is defined by the equatich:’

S
Asl¢= 10AGY (B)

o
Jsy>s, A6 L(A)

§y05,V/F = $EI/F) 1n Ky,(51,52) (3.7.4)
where X,.(S1,S2) is the distribution coefficient of the electrolyte BA between the phases S:
and S;.

4. THERMODYNAMIC DESCRIPTION OF AN ELECTRIFIED INTERPHASE
4.1. General

The thermodynamic treatment of electrified interphases follows closely that of non-ionic sys
tems in that surface composition is discussed in terms of surface excess quantities as alread
y described in [2].

4.2. Perfectly Non-polarized Interphase

When at least one charged component is present in appreciable quantities in both phases ad-
joining the interphase and the interphase is permeable to at least one charged species the
Gibbs adsorption equation for a plane interphase has the same form as that for a system of
neutral molecules:

sdl - tdp + dy + Il;dy; =0 (4.2.1)

where T is the temperature, p the external pressure, y the interfacial tension and u, the che
mical potential of the combination of species 7 whose net charge is zero (e.g. a salt or ame
tal etc), s is the surface excess of entropy of unit area of interphase, T is the thickness
(or excess volume of unit area of the interphase and T;is the surface excess of the group

of species <. The summation is over all the chemical species % from which the interphase and
its adjacent phases can be constituted, except one which is selected arbitrarily as a referen
ce component.

Since eqn.(4.2.1) is in terms of the interfacial tension y, it is implied that this treatment
is for fluid interphases. The term required to replace dy for interphases including a solid
is discussed in section 7. Much of the discussion of the other terms is common to both types
of interphases.

For an electrified interphase one of the chemical potentials u,; may be replaced [81 by a quan
tity & which is the sum of the potential difference E between the terminals of an electrocheml
cal cell* containing the interphase under consideration and a term consisting of chemical po-
tentials of neutral species. Thus one of the terms, say T duA, in the sum of eqn.(4.2.1) is
replaced by aterm @, d 8 where:

Qa= 2,FT, (4.2.2)

is the charge on unit area of the interface - see eqn.(5.1.1.) of [41-. Since at constant tem
perature and pressure:

a8, = d, (4.2.3)

it follows from eqn.(4.2.1) that:

(BY/BEA)T IRy # U, =

which is the Lippmann equation. E, is the potentlal of a cell in which the reference electro
de has an interfacial equilibrium with one of the ionic components of A. Since more than one
type of reference electrode may be chosen more than one quantity @ may be obtained. Conse-
quently @ cannot be considered as equivalent to the physical charge on a particular region of
the interphase. It is in fact an alternative way of expression of a surface excess or combi-
nation of surface excesses of charged species.

_ o, (4.2.4)

*When the interphase is between a metal (or a semiconductor)and an electrolyte, the cell would
normally be made by combining this electrode (metal/electrolyte) with a reference electrode
in equilibrium with the electrolyte. The potential E would then be measured between a contact
attached to the metal under study and a contact attached to the reference electrode. When the
interphase is between two electrolytes, two such reference electrodes would be used one in e-
quilibrium with each electrolyte and E measured between contacts attached to these.
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4.3, Perfectly Polarized Interphase

Differences from the behaviour of interphases containing only neutral species arise when the
interphase may be described as perfectly polarized. This term is used when no charged compo-
nent is common to both phases adjoining the interphase. This may arise as a result of the e-
quilibrium conditions or from the kinetics of charge transfer and leads to an interphase im-
permeable to electric charge. In such an interphase it is convenient to divide the interfa-

cial region into two parts: one containing the charged species from one phase (a), the other
containing those from the other phase (B). The physical charge on unit area of either side of
the interphase may then be defined in terms of the surface excesses of the charged species in
the system:

o = 5.z, T (4.3.1)

of = 5,5,mm8 (4.3.2)

where the sum in eqn.(4.3.1) is over all charged components in phase o and that in eqn.(4.3.
2) is over all charged components in B. The interphase as a whole is electrically neutral,
Z.e.

& +df =0 (4.3.3)

The Gibbs adsorption equation for a perfectly polarized interphase must have a term in which
the charge o multiplies the change of a difference of electrochemical potentials between one
charged species in each of the adjoining phase:

o%d & (4.3.4)
where
Fe= (iy/s5) - (/20 (4.3.5)
and B and C are particular charged species in phases o and B respectively.

The electrochemical potential difference in eqn. (4 3.5) may be expressed as the sum of chemi
cal potentials of neutral groups of charged species (salts, metals etc) and an electrical po
tential difference E between two electrodes e.g. between phase o if it is an electronic con-
ductor and a reference electrode [81. When the reference electrode is in equilibrium with a

cation (anion) in phase B, E is given the subscript + (-). At constant temperature and pres-
sure:

g = dg, (4.3.6)

Thus the Gibbs adsorption equation takes the form:
8dl - tdp + dy + 0®d&+ Il;dn; = 0O (4.3.7)

where j is an electrically neutral component of one or other of the phases and the sum ig o-
ver all the components but one in each phase. It is not possible to eliminate the term o d§
to obtain an equation like eqn.(4.2.1).

Equation (4.3.7) is often called the electrocapillary equation because it includes the expres
sion of the phenomenon of electrocapillarity - the dependence of the interfacial tension on
the electrical state of the interphase. This is expressed by the Lippmann equation

(¢}

(OV/3E) o u . 57O (4.3.8)

which leads to a unique charge o* for a perfectly polarized interphase.
4.4, Cross-differential Coefficients

Various cross-differential relationships can be obtained from the Gibbs adsorption equation
by standard methods because it is a complete differential.

The left-hand side of one of these (when only one chemical potential is considered as varia-
ble):

(E/3w), = - (3T/30) (4.4.1)

Tsp,51

is called the Esin and Markov coefficient. Other provide useful routes for the analysis of ex
perimental data.
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4.5. Capacitances and Ionic Charges

The differential capacitance of unit area of interphase is defined by eqn.(5.5.1) of [41:

c = (BQ/SE)T’p,uj (4.5.1)
It is most readily measured for a perfectly polarized interphase when it becomes:
a B8
= E = - D
¢ = (307/3 )7}p,Uj (30 /BE)T,ﬁ,Uj (4.5.2)

Since the charge o* (or OB) is defined in terms of the surface excesses of the charged compo
nents by eqns.(4.3.1) and (4.3.2) it is often convenient to define the components of the char
ge attributable to a species < by

o, = 2, BT, (4.5.3)
where z; is the charge number of that species in the bulk of the phase in which it is present.
With this definition eqns.(4.3.1) and (4.3.2) may be written

o% = 1,0} (4.5.4)

of =1.6° (4.5.5)

and correspondingly the differential capacitance may be expressed in terms of partial capaci
tances C,;
c=z1,c%=-35.c° (4.5.6)

i
where

¢; = (30,/3E) (4.5.7)

Ty pyM oee

5. STRUCTURAL ASPECTS OF ADSORPTION AT ELECTRIFIED INTERPHASES
5.1. General

Due to adsorption, charged and uncharged components are distributed in the interphase in a
non-random may. The array of charged particles at interfaces is called an electrical double
layer. Adsorption on surfaces from solutions is to be regarded as a solvent replacement reac
tion:

B(sol) + nS(ad) Z B(ad) + nS(sol) (5.1.1)
where (sol) and (ad) stand for solution and adsorbed, respectively.

The theoretical interpretation of this process in terms of structure is at present based on

rather simplified models. Here we outline current terminology for adsorption at an interpha-
se between an electrolyte and another condensed phase (most often a metal). It should be re-
membered that further knowledge about the structure of interphases may render this terminolo
gy inexact or obsolete. ’

5.2. Adsorption of Ions - Non-specific Adsorption

Tons approach the interface differently depending on the forces in play. Ions are non-specif
Zeally adsorbed when they are kept in the interphase only by long-range coulombic interac-
tions. They are believed to retain their solvation shell and in the position of closest ap-
proach to the interface they are separated from it by one or more solvent monomolecular la-
yers. The locus of the electrical centers of non-specifically adsorbed ions in their position
of closest approach is the outer Helmholtz plane (OHP). The region in which non-specifically
adsorbed ions are accumulated and distributed by the contrasting action of the electric field
and thermal motion is called the diffuse layer. The region between the OHP and the interface
is called the inner (compact) layer. If only non-specifically adsorbed ions are present in
the interphase, it is often denoted by the term Zon free layer.

The nomenclature for distances and potentials in the double layer varies from one school to
another. We recommend here a system based on the use of x as the coordinate perpendicular to
the plane of the interface and ¢ for potentials since in this region the potentials are clo-
sest to inner potentials. However since they are not strictly inner potentials the location
is denoted as a subscript and not a superscript, the latter being reserved for true inner po
tentials.

The origin of the coordinate system is taken at the interface and the OHP is at a distance
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from this x,, thus the inner layer thickness is x, (this is sometimes called d or §). The dif
fuse layer stretches from x, to the bulk of the solution phase.

The potential of a metal phase is usually taken as uniform and equal to the inner potential
¢M while that of the electrolyte in the bulk is ¢S. The mean potential on the OHP is ¢,. Thus
the potential drop across the inner layer is (¢M - ¢,) and that across the diffuse layer is
(¢, - ¢%). It is often convenient to take ¢° as zero. The OHP potential is sometimes called
¥, or Yy but these usages are not recommended because of confusion with outer potentials.

The areal free charge in the diffuse layer is denoted by o¢ and it may be regarded as made up
of the charges contributed by an excess or deficiency of each ionic species

o¢ = zod (5.2.1)
the sum being over all ionic species in the solution. o9 is the areal excess amount of charge
contained in a tube of solution starting from the OHP and extending into the bulk of the solu

tion. The thickness of the diffuse layer is often small compared to the thickness of the dif—
fustion layer [51.

The existence of non-specific adsorption only in a given system can be vérified by a number
of tests most of which depend on the assumption that the behaviour of ions in the diffuse la-
yer can be calculated from a model. The model most widely used is the Gouy-Chapman theory.

Model-independent tests include the absence of adsorption at oM = 0, and the identical behav-
iour of different cations or anions of the same charge, but such tests are not very widely
useful.

Tests depending on the Gouy-Chapman theory depend on the calculated relations between ¢, and
09, ¢, and o9 or o¢ and of. Their sensitivity depends a great deal on the detailed conditions
and must be carefully assessed.

Differential capacitances for the two parts of the interphase may be defined by noting that
formally:

M _ 4S8 d M _ - S
d(d)do-Md)j = (d)doMQZ) + d(d)zdon) ) (5.2.2)

At constant composition the left hand side is equal to the reciprocal of the differential ca-
pacitance of the whole interphase, so that eqn.(5.2.2) may be written

¢l = (¢t + (eH-? (5.2.3)

that is the interphase behaves in the absence of specific adsorption as a series combination of
C' the <nner layer capacitance and €9 the diffuse layer capacitance. Note that this does not
imply the existence of physical charge distribution equivalent to that in a system of two con
densers. -

In the case of the semiconductor/electrolyte interface, the space charge contributes one more
capacitance ¢SC in series with ¢’ and cd.

5.3. Specific Adsorption of Ions

Tons become specifically adsorbed when short-range interactions between them and the interpha
se become important. They are believed then to penetrate into the immer layer and may (but not
necessarily) come in contact with the metal surface. They are usually assumed to form a par-
tial or complete monolayer. The locus of the electrical centers of this layer of specifically
adsorbed ions is the inner Helmholtz plane (IHP) assumed to be at a distance x, from the me-
tal surface. By superequivalent adsorption is meant that the specifically adsorbed amount of
charge in the IHP (¢') is higher than the charge on the metal phase taken with the reverse
sign. Thus the diffuse layer charge has the same sign as that on the metal.

Specific adsorption is detected by the deviation of the system from the behaviour described
in the previous section, notably in that the surface excess of ions can no longer be explained
in terms of an ion-free layer and a diffuse layer obeying Gouy-Chapman theory. The contribu-
tion to the solution charge from ions whose centers lie in the region xz, > x > xz, is denoted
of so that the interphase electroneutrality condition is now written:

oM= -5 = - (¢f + 09 (5.3.1)

The separation of ¢ into o' and o¢ cannot be made without the introduction of a model. Use
of the Gouy-Chapman theory and the assumption that one of the ionic components is not specifi
cally adsorbed enables the other oY to be calculated and so the specifically adsorbed charge
due to each other ion to be obtained:
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i _d
0; =0; -0} (5.3.2)

In view of the short-range of the forces cau51ng specific adsorption the quantities o are of
ten equ1va1ent to less than one monolayer of ions. Consequently the real dlstrlbutlon is often
represented 'in models as a monolayer of ions with their centers on the IHP.

The capacitance of the interphase is still given by egn.(5.2.2) but the second term on the
right hand side is no longer equal to the diffuse layer capacity because the charge in the
diffuse layer is now:

od = - M- Io} (5.3.3)

and the differential capacitance of the diffuse layer is:
$= - dol/d(42 - ¢%) (5.3.4)
Thus equation (5.2.2) must be replaced by
cl= (Y + (eHT (1 + dol/dd™ (5.3.5)
The inner layer capacity can be further analysed to express its dependence on specific adso;g

tion. The potential drop across the inner layer may be assumed to depend on the charge o™ a
the specifically adsorbed charges ¢;. From this assumption it follows generally that

M _ 3 M _ ;
d(th - ¢,) = [W]@_dolﬁ + Z[_L(b—BF;M]GM,U,idOJ (5.3.6)
J
or
d(eM - 1 M- 3(eM - i
A% o) . L 2l BOMMJO} + ol el | (dol/doM (5.3.7)
J b

Thus the 1nner layer capacitance may be related to a series of partial capacitances which de
pend on oM

¢ (o™ = [3oM/3 (oM - ¢2)1 i (5.3.8)
9
and on each for the specifically adsorbed ions:
ci(o%) = [aci/a(eM - ¢2)]OEOM (5.3.9)

Here the subscript o means that all o} are kept constant except one.

Subject to the assumption of Gouy-Chapman theory (or other model of the diffuse layer) these
quantities may be determined from experiment.

5.4. Partial Charge Transfer

The quantities defined above are in terms of the surface excesses of the ionic components T;
expressed as their equivalent charge using eqn.(4.5.3). In the real system, particularly when
adsorption is specific the ionic charge may not retain the same value as in the bulk of the
solution owing to electronic interaction during the formation of an adsorption bond. The frac
tion of charge shared by the adsorbed particle may be characterized by a partial charge num
ber. This term, although conceptually correct when applied to the model, is not adequate to
indicate the quantity accessible to experimental measurements on a thermodynamic basis.

The accessible quantity is the formal partial charge number defined by

1g = - (3c™Wary) /F = (duy/3E) /F (5.4.1)

E,u; #up Tg,u;#up
Physically, Iy measures the average number of unit charges supplied to the electrode from the
external circuit when one molecule of species B is adsorbed at constant potential.

The term "electrosorption valency'" and a different symbol have also been suggested for the
quantity defined by eqgn.(5.4..). However, the former term is preferable on a conceptual ba-
sis. According to eqn.(5.4.1) do is the charge which must be supplied to the system for E to
remain constant as the adsorption changes by dI'y. Ip is the only parameter which can be ob-
tained thermodynamically. The actual partial charge number can be obtained only on the basis
of some model assumptions. The latter coincides with Zy only if adsorptlon does not affect
the structure of the electrical double layer.
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5.5. Adsorption of Uncharged Molecules

The absence of a charge on a molecule means that the long-range coulombic forces which form
the diffuse double layer of ions play no role and adsorbed neutral molecules can be assumed
to be present only in the inner layer although if they are larger than the solvent molecules
previously present there, the thickness of the inner layer may be increased. Consequently the
adsorption of neutral molecules is normally treated as monolayer adsorption (although multi-
layers can be formed in some systems).

Since no charge is introduced into the inner layer by the adsorption, equation (5.2.2) re-
mains valid. However the variation of the inner layer capacity can be expressed by an analo-
gue of eqn.(5.3.7) by assuming that the potential drop in the inner layer depends on oM and
the adsorbed amounts T'; of neutral molecules:

dM - ¢2) _ 1 _ 3(¢M - ¢2). 3 (oM = ¢2). (9T /3gM
o = L SN ]Fj+ pAE 3T JOM’ok(ar,/ao ) (5.5.1)
Here:
1 A(oM -
(o™ . (¢30M¢2)]r (5.5.2)

J

remains the inner layer capacity at constant composition as in eqn.(5.3.7).

The quantity in the second term on the right-hand side of egn.(5.5.1) may be related to the
effective perpendicular component of the adsorbed molecule (less the corresponding quantity
for the n solvent molecules it replaces - see section 5.1-) by using the Helmholtz equation
(2.1.1):

3(™ - 92)/0T; = (p, /€) - (w, /e) (5.5.3)

A formal partial charge number may be defined for neutral molecules in the same way as in e-
quation (5.4.1); it includes effects due to change in thickness, effective permittivity or o
rientation of molecules rather than charge transfer.

6. ADSORPTION ISOTHERM
6.1. General

Adsorption in systems of neutral molecules is frequently expressed in terms of an adsorption
isotherm which gives the amount adsorbed (or surface excess) as a function of bulk activity
of the same species at constant temperature. The equation chosen to describe the isotherm may
have some theoretical significance or may be empirical. In the former case an attempt may be
to learn about the interactions between species in the adsorbed state. This procedure is open
to a number of difficulties. When the interface is perfectly polarized there is an addition-
al difficulty in that the electrical state of the interphase must also be kept constant for
the determination of the relation between surface and bulk concentration.

Two possibilities for this may be proposed: to determine the isotherm at constant oM or at

constant (oM - ¢%) (or at some constant cell potential which is equivalent to this)*. From a
formal thermodynamic point of view isotherm may be equally well calculated at constant char-
ge or at any well-defined constant potential. However the physical significance of the rela-
tion thus obtained may depend on properties other than those of the interface, especially if
constant cell potential is used. At present no completely satisfactory solution to this prob
lem has been obtained so that no recommendation of the correct procedure can be made. -

6.2. Surface Pressure
By analogy with the two dimensional pressure of spread films, it is possible to define a sur

face pressure as the change of interfacial tension caused by the addition of a given spe-
cies to a base solution. At constant cell potential this is

T =Y pase =Y (6.2.1)
while the analogue at constant charge is
©=¢ base 3 (6.2.2)

where

* Strictly speaking, isotherm should be determined at constant ($M - ¢2) for according to sec
tion 5.5 the diffuse double layer plays no role. ' -
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E=vy +0F (6.2.3)

In each case all other variables are kept constant. It must be noted that this approach al-
lots the whole of the change in the interfacial tension to the added species. However it
should be remembered that the interfacial concentration of other species may be changed by
the introduction of the new species.

If the area occupied by the adsorbing species in question is put equal to 1/T, the two dimen
sion equation of state relating m or ¢ and 1/T is another expression of the adsorptlon iso-

therm and may be combined with it to obtain a relation between m or ¢ and the bulk activity

of this species.

6.3. Specific Types of Adsorption Isotherm

A number of different specific forms of isotherm has been proposed on the basis of more or
less realistic physical models. Three approaches may be distinguished.

1. The assumption that the base solution may be regarded as a continuum and the adsorbed spe
cies behaves like the analogous adsorbate at the vapour/condensed phase surface.

2. The assumption that the adsorption process is a replacement reaction in which the adsorbing
species replaces another species, normally the solvent.

3. The interphase is regarded as a two dimensional solution and treated in a manner analogous
to that used for bulk solutions.

No specific recommendations can be made at present, except that the tests used for assigning
isotherm relations should be critical and that the procedures used should be clearly descri-
bed.

Standard Gibbs energies of adsorption are frequently derived from the fitting of adsorption
isotherms. It should be recognized that the use of a semiempirical equation to fit data that
does not extend to very low coverage may lead to a quantity of limited significance.

It is recommended that the term standard Gibbs energy of adsorption should be reserved for the
quantity which does not depend on surface coverage and it is essential that the standard sta
tes to which it refers should always be given, since like all other quantities of this type
it is meaningless without this information.

7. INTERFACES BETWEEN PHASES OF WHICH ONE IS SOLID
7.1. General

The behaviour at a solid surface is more complicated than that at a liquid because it is not
always possible to verify that the surface is in mechanical equilibrium. As a result the char
acterization of solid surfaces (except under high vacuum) is less well developed than that of
liquids. This section is consequently more tentative than the previous ones. Further informa
tion may be obtained from the excellent review by Linford [9] on which these proposals are ba
sed.

7.2. Surface Energies

The reversible work of formation of unit area of new surface by cleavage is called the super
fietal work. It has previously been called specific surface work, surface energy, surface ten
sion or surface free energy. The symbol recommended here is vy, in preference to o which is
preferred by Linford, because of the confusion with surface charge density. The superficial
work vy, is a scalar quantity and consequently is isotropic.

The work required to form unit area of new surface by stretching under equilibrium conditions
is the surface stress T;; which is a tensor because it is generally anisotropic. T;j is numer
ically equal to the force acting in the jth direction per unit length of exposed edge, the
edge being normal to the <th direction, that must be applied to a terminating surface to keep
it in equilibrium, the <th and jth surfaces lying in the plane of the surface.

In general, surface area changes will be neither wholly plastic (as in cleavage) or wholly e
lastic (as in equilibrium stretching). To deal with this situation, a generalized surface pa
rameter y* may be defined which is conjugate to the general (part plastic, part elastic) sur
face area change. For an <sotropic solid this will be sum of two contributions taken in pro-
portion to the fractions of the two types of strain z.e.

S = (dep/dEIO,)y + (de./de )T (7.2.1)

PAAC55:8-B
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where de, and de. are the plastic and elastic contributions to the total strain de, -

In the more general case both y® and T are tensors. In addition surface thermodynamic parame-
ters analogous to the usual bulk thermodynamic functions may be defined.

7.3. The Gibbs Equation for Solid Surfaces

When one of the phases is an isotropic solid the interfacial tension term in eqn.(4.2.1) must
be replaced by:

dy, + (v, - Tde, (7.5.1)

This means that to recover the remaining equations in the form given in section 4 the elastic
strain must be kept constant. Since this is not usually possible, the additional terms should
be taken into account, e.g. the Lippmann equation becomes:

(3y,/3E) -0 - (v, - DGeSsoE), (7.3.2)

Tobo My e H;
The magnitude of the contribytion of the second term on the right-hand side of eqn.(7.3.2) is
not known for certain at present.
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SYMBOLS
SI Unit
1. A Surface (interface) area m?
A, Real surface area m?
Ag Geometric surface area m?
Fo = A /Ay Roughness factor
2. Ty Surface concentration of species B mol m >
P, g Normal component of dipole moment of species B Cm
€ Permittivity Fm'
Ve Potential energy for electrons in metals J mol™?
ef Kinetic energy of electrons at the Fermi level J mol™}
ui Chemical potential of electron in metal J mol™!
oM Real potential of electron in metal (molar Fer J mol™!
mi energy)
oM Electron work function of a metal Jmol™} (eV)
Agw Volta or contact potential difference between %
phases o and B
Agd) Galvani potential difference between phase o )
and B
3. goée)(dip) Dipolar contribution in phase @ to the poten- )
tial difference AB¢
gg (ion) Ionic (free chargg) contribution to the poten \Y

tial difference AB¢
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axt Change in surface potential of phase o due to
® contact with phase g
g% (dip) Dipolar contribution to the potential diffe-
B o rence A§¢ when the free charge on the phases
is o
Ao, Potential drop associated with the space char

ge in semiconductors

AGS (B) Standard Gibbs free energy of transfer of ion
a>p B from liquid phase o to liquid phase B
K, 5(c,8) Distribution coefficient of the electrolyte
BA between the liquid phases o and g
Y Surface tension
% w° Surface excess concentration and surface ex-
B> B
cess amount of substance of B
Th, 7 Surface concentration and amount of substan-
ce of B
T o, \s My, ) Relative surface excess concentration and
B{1)” 811 amount of substance of B
T Thickness of the interphase
v’ Volume of the interphase
2 Pressure
s, & Areal surface excess and surface entropy
8?1)’ 3?1) Relative areal surface excess and surface en
tropy
Generalized potential
" Electrode potential measured with respect to
a cation reversible reference electrode
E, Electrode potential measured with respect to
an anion reversible reference electrode
T Total charge density on phase a, defined in
terms of component A
E -0 Potential of zero charge
cem Potential of the electrocapillary maximum
Y9=0> Yeem Surface tension at the electrocapillary maxi
mum with non-polarized electrodes
o Free charge density on phase a
of Component of free charge due to species <

Surface tension at the electrocapillary maxi
mum with polarized electrodes

¢ Differential capacitance of an interphase

Ci Component of differential capacitance of an
interphase, due to species <

OHP Outer Helmholtz plane

IHP Inner Helmholtz plane

of Areal amount of charged adsorbed in the IHP

od Areal amount of charge in the diffuse layer

o Areal amount of charge due to species B in
the diffuse layer

I3 Surface excess concentration of B in the dif
fuse layer

x, (d) Thickness of the inner layer

LN Coordinate of the IHP

I Surface excess concentration of Species B ad

sorbed in the IHP
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J mol”!

-1
Nm
-2
mol m ~, mol

-2
mol m °, mol

-2
mol m °, mol

-2
mol m

-2
mol m
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1—‘B,m

65 = Tg/Tp,m
d

c'(o)
G

sC

lB
b2

€ tot
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Maximum surface excess concentration of B
Surface fractional coverage with species B
Differential capacitance of the diffuse layer
Differential capacitance of the inner layer

Differential capacitance of the inner layer

at constant specifically adsorbed charge

Differential capacitance of the inner layer

at constant charge density on the metal

Differential capacitance of the space charge

of a semiconductor
Formal charge transfer coefficient
Inner electric potential at the OHP

Surface pressure at constant potential
Surface pressure at constant charge

Constant charge function (= Y + OE)

Superficial work

Surface stress

Generalized surface intensive parameter
Plastic surface area change (strain)
Elastic surface area change (strain)

Total surface area change (strain)

mol m~

2





