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1 Introduction 
In this article, an outline will be given on how various electrode 
processes, and the state and structure of electrode interphases 
with ionic solutions, can depend specifically on the types of ions 
of the electrolyte, usually anions. This specificity can be traced to 
the adsorption of the ions which determines (a) the structure and 
electric potential profile in the electrode-solution interphase and 
(b) the local distribution and of solvent dipoles in 
this interphasial region. These effects usually influence the local 
concentration of ions involved as reactants in a given electrode 
process in the so-called ‘double-layer’ (Figure Id) at the elec- 
trode and the activation energy of that process at a particular 
electrode potential. 

Since an electrode reaction, cathodic or anodic, often 
involves, respectively, either a particular type of cation or anion, 
it is of much importance that knowledge of the solution and 
solvation properties of individual types of ions be known. 
Similarly, the structure of the electrode/solution interphase (see 
Figure l), within which the electrode reaction is initiated, is 
determined usually in some specific way by the types of ions that 
populate it. The individuality of properties of ions arises princi- 
pally for reasons itemized in the following paragraphs. 

2 Electrode/Solution lnterphase and 

The role of individuality of ionic properties in processes at 
electrodes must be understood first in terms of what may be 
called the ‘construction’ of the electrode solution interphase, 
that quasi-three-dimensional region some 0.3 to 0.5 nm in 
thickness wherein ion adsorption and solvent molecule orien- 
tation arise (Figure l), and where processes of ion discharge in 
electrolysis  rigi in ate.^>^ 

Figure 1 represents schematically how the ‘construction’ of 
this interphasial region can be imagined to arise from a combi- 
nation of the electrode-metal/vacuum interface and the solu- 
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tion/vacuum (vapour) i n t e r f a~e .~  The combination is not, how- 
ever, simply ‘additive’ since contact of the electrode metal with 
the solution involves (a) change of the surface electron distribu- 
tion at the metal interface and (b) usually complementary 
changes of ion and solvent distribution (and orientation) in the 
resulting interphase. Further, when this combination is estab- 
lished, the surface charge-density at the metal can be indepen- 
dently varied over about f 0.18 e per atom when the electrode 
metal is polarized against another electrode by means of an 
external, controllable voltage source. The resulting distribution 
of ions and solvent molecules, illustrated in Figure Id, is referred 
to as the ‘double-layer’5 (of ions and electron charges) and 
consists, formally, of a compact region near the electrode and a 
broader region (1 to 100 nm, where a diffuse, Debye-Hiickel 
type of non-specific ion distribution arises (d, in Figure 1). 

It is in the compact region (c, Figure 1 and cf. reference 5) that 
specificity of ion properties is important in determining the 
properties of the interphase and the kinetic aspects of Faradaic 
charge-transfer in electrolytic processes. The properties of ions 
that are of interest in this way are indicated below and are 
relevant to the behaviour of electrode interfaces in two ways: (I) 
in chemisorption of ions, usually anions, and (11) in the kinetics 
of discharge or formation of ions in electrolytic processes 
originating in the electrode/solution interphase. 

In (I) the properties of importance are: (a) the charge, ze, and 
radius yi of the ion, i.e. its charge density z e / 4 q 2 ;  (b) its 
solvation energy, i.e. the ion/solvent interaction energy6 and the 
related facility of deformation of its solvation coordination shell 
allowing the valence shell orbitals of the ion access to the 
electrode surface at which adsorption can then occur; (c) the so- 
called donicity’ of the ion, i.e. the extent to which it may undergo 
partial charge- t ran~fer~?~ with the electrode, leading to chemis- 
orption; and (d) the ‘hydrophobicity’6Ts or otherwise, of the ion, 
e.g. as with tetraalkylammonium cations, R4N+. 

In (11), the following properties are of significance: (a) the 
ionization potential or electron affinity of the species being 
discharged in the electrochemical reaction; (b) the overall solva- 
tion energy of the ion being discharged (or formed, depending 
on the direction, anodic or cathodic, of the reaction), and (c) the 
energy of binding of the product of the electron transfer process 
in (b). These factors are of major importance in determining the 
rate constant of the electrochemical reaction through its Gibbs 
energy of activation. 

Of the above ionic properties, the solvation energy and the 
electronic properties of an individual ion are of the greatest 
importance in determining its adsorbability at a given electrode 
metal. The properties of the electrode metal are of complemen- 
tary significance, in particular, the potential at which its surface 
bears zero charge5 in relation to the electrode potential at which 
the electrode interface is polarized and the electronic work 
function, @, of the metal4 which characterizes its electron 
affinity, E, in ion chemisorption processes such as equation 1 
below. 

3 Chemisorption of Ions with Partial 

It is well known in high-vacuum surface chemistry that metal 
atoms such as Na’ become chemisorbed at, e.g., W with virtually 
complete charge-transfer, at least at low coverage, so that the 
chemisorbed state is, e.g. W(e-)Na+. This state, and the asso- 
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Figure 1 Construction of the electrode/solution interphase, illustrating 
the generation of the electrical double-layer at an electrode. (a) Metal/ 
vacuum interface. (b) Metal/vapour interface with adsorbed water 
dipoles. (c) Metal surface with bulk dipolar solvent. (d) Metal/ 
solution interphase, with adsorbed solvent (H,O) molecules and ions, 
and diffuse-layer ion distribution beyond the compact byer. 

ciated energy of chemisorption, is determined by the difference 
of work of function of W and the ionization energy of Na'. A 
corresponding coverage-dependent surface potential, xS, arises. 
At electrodes, a similar situation arises as illustrated in equation 
2 below, except usually a partial extent, 6, of electron charge- 
transfer takes place although, for radicals with low electron 
affinity, e.g. I*, the corresponding ion, I - ,  is chemisorbed, as 
found at Pt, with virtually complete charge-transfer. The range 
of degrees of partial charge-transfer involving anions and other 
species at Hg and other metals, expressed as the so-called 
'electrosorption valency', y ,  is represented as a function of 
electronegativity difference xM - xs in Figure 2 according to 
Schultze and Koppitz. O 

From a thermodynamic point of view, the 'electrosorption 
valence',' O y ,  related to 6 in equation 2, is defined by 

where q M  is the metal surface charge-density, E the potential, r 
the surface excess of adsorbed ion and p A  the chemical potential 
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Figure 2 Electrosorption valency for ion, and H and OH, adsorption at 
electrodes as a function of the appropriate electronegativity 
difference. 

(From reference 10, with added data.) 
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of A -  (or a salt of A- )  in solution. y can be relatedlo to 6 
through some model of the double-layer. 

The process of charge-transfer9,' O can be represented 
formally as: 

where a charge (1 - 6)e has been transferred to the Fermi level of 
metal M leading to a change of the surface dipole moment at M 
[normally, at electrode metals, an intrinsic surface moment 
already exists, coupled with a component due to solvent- 
molecule orientation (see Figure l)]. Also, the hydration of A-  
will normally be diminished (m-H,O < n-H,O), depending on 
the magnitude of 6e in relation to e. 

The energy quantities driving the process shown in equation 2 
are principally the electron affinity of the metal ( -  @), the 
electron affinity, E, of the radical A' and the hydration energy of 
A-; i.e. the energy change d U(2) for the process is 

where S is the mean hydration energy (per H,O) of A -  and A is 
the energy of the new interaction between A8- and the electrode 
metal as a result of process (2). In equation 3 E and S quantities 
are negative and @ positive. d will tend to be negative, i.e. 
exoenergetic. 

Individual ionic effects at electrodes are commonly mani- 
fested in the following ways: 
(a) Shift of the potential (P.z.c.) at which the electrode interface 

bears zero 
(b) Modification of the double-layer capacitance behaviour, 

often resulting in: 
(c) Modification of kinetics of an electrode p r o ~ e s s , ~  e.g. H, 

evolution or surface oxidation; 
(d) Changes of relative reflectivity, and ellipsometric para- 

meters,' , viz. change of phase angle d and of amplitude $; 
(e) Modification of so-called underpotential deposition pro- 

f i l e ~ ~ , ' ~  of current w. potential, e.g. for deposition of sub- 
monolayers of H on Pt or Pb on Au; 

additionally: 
(f) Specificity of ionic properties is manifested in ion-binding in 

ion-exchange resins and membranes,6 at linear polyelectro- 
lytes and proteins, and in macrocyclic ligand molecules such 
as the so-called 'crown-ethers' and 'cryptands',6 and also in 
biologically significant molecules such as valinomycin which 
act as ion carriers through the lipid membranes of living cellsS6 
Even such pairs of ions as N a +  and K +, or Mg2 + and Ca2 +, 
commonly regarded as chemically very similar, are dis- 
tinguished by substantially different behaviour in biological 
systems, e.g. for Na + and K + in active transport of ions across 
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the neurone membrane, or for Mg2 + and Ca2 in ion binding, 
e.g. to myosin and other polypeptides. 
One of the clearest examples of specificity of ion behaviour at 

electrodes arises from adsorption of anions at the Hg/H,O 
interface5 and is manifested in the shift of the P.Z.C. of Hg" 
illustrated in Figure 3a. An hierarchy of effects arises depending 
on the properties of the ion delineated in ( I )  above. The shifts 
AE, are measured in volts with respect to the p.2.c. of Hg in an 
electrolyte. e.g. NaF, the ions of which are insignificantly 
chemisorbed at H g S  The largest shifts arise with the most 
polarizable and donative ions, SH- ,  CNS-,  I - .  These ion 
adsorption effects also have major influences on the kinetics of 
electrode reactions at Hg, e.g. the discharge of the aqueous 
proton, H,O+,  in the cathodic H, evolution reaction. 

The changing population of anions and cations at an elec- 
trode interface as its surface charge is varied in response to 
modulation of electrode potential, is manifested as a capaci- 
tance: the capacitance, C,  of the double-layer (Figure Id). 
Measurements of C give sensitive information5 on the specificity 
of ion adsorption effects at the electrode surface and on the 
structure of the electrode/solution interphase as exemplified by 
the capacitance plots shown in Figure 3b for several 1 : 1 electro- 
lytes at Hg. Similar anion-specific behaviour is manifested in the 
surface-excess entropies and volumes of the interphase at Hg, 
especially at potentials positive to the p.z.c. where the Hg bears a 
positive excess charge, leading to anion chemisorption. This ion- 
specific information is complementary to that provided by the 
hierarchy that arises in p.2.c. values for various electrolytes as 
illustrated in Figure 3a and discussed below. 

It should be mentioned that the shapes of the capacitance vs. 
potential curves of Figure 3b are determined by the following 
three principal factors: (i) The combination of the concent- 
ration-dependent diffuse-layer component, CdiK,  of the overall C 
(corresponding to the 1 -dimensional ionic atmosphere excess 
charge conjugate to the 'excess' ( & )electronic charge density at 
the metal surface. giving rise to a minimum in C at the P.z.c.) 
with thc compact layer component, C'compac,. (The combination 
is a 'series' one: 1 /C  = 1 /Cd,f + 1 /Cconlpact. j (ii j The compact layer 
capacitance at potentials positive to the P.z.c., ca. 35 to 45 p F  
cni ~ ? .  ( i i i )  The compact layer capacitance at potentials negative 
to the P.z.c., cn. 18 to 30 pF cm-*,  depending on the electrode 
mctal. The hump in the C vs.  Eprofile. e.g. seen clearly in thecase 
of N a F  solutions (Figure 3b), is believed to be connected with 
solvcnt dipole reorientation and local solvent structure change, 
P . S .  with NO; or Cloy, but is strongly influenced by chemisorp- 
tion of' the anions. Strongly adsorbed anions. c.g. I - ,  CNS-. 
lower the capacitance through interaction with the surface and 
with co-adsorbed solvent niolecules (Figure Id) so a complex 
situation then arises. 

Values of the compact double-layer capacitance contribution 
can be separated using the 'series' relationship shown above and 
employing a theoretically calculated5 value of Cdin which can be 
done quite reliably. Ccompact represents the differential coefficient 
d4,,,,,,,,,.,~dE, where q is the charge associated with ion accumu- 
lation in the compact layer. By use of appropriate electrochemi- 
cal thermodynamic relations, the anion contribution in qcompact 
can be evaluated for various electrolyte concentrations and 
electrode potentials. E. Values of 4 can be directly related to the 
respective surface excesses (zFT = q )  and thus to surface 
coverages by the adsorbed ions. The only other Factor that may 
complicate this operation is the value of the electrosorption 
valence y involved in equation 1.  

With further operations on the data, the adsorption isotherm 
and '-dimensional equation of state for anions in the compact 
region of the interphase can bc determined. I t  is significant to 
note that the capacitance, being a difliv-eritinl quantity, provides 
sensitive information on the form of the adsorption isotherm 
applying to the accumulation of anions at electrode interfaces, 
especially at potentials positive to the p.z.c. 

Classically, one of the most significant indications of ionic 
chemisorption effects is that provided by the 'hierarchy' of shifts 
of p.z.c. of the Hg/water interface for a given concentration of 
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Figure 3 Examples of specificity of anion interaction with the Hg 
electrode surface. (a) Hierarchy ofshifts potential ofzero charge of Hg 
due to adsorption of various anions from aqueous electrolytes (based 
on data from reference 11). (b) Profiles of double-layer capacitance at 
Hg as a function of potential for aqueous NaF, NaCl, Nal, and 
NaNO, (298 K)  (from Grahame, reference 5 ) .  (Minima in dilute 
solutions are due to the then predominant Cd,r.) 

simple salts of the indicated anions, as illustrated ion Figure 3a 
and referred to above, for the series of anions from PF; to S2 - or 
SH-.  A combination of changes of hydration energy and 
hydrated-ion structure,6 electron-pair d ~ n i c i t y , ~  polarizability, 
ionic radius, and charge is involved, with changing identity of 
the ions. Amongst other factors, Barclay' has identified the 
relative 'hardness' or 'softness' of the anions (in the Basolo- 
Pearson terminology, related to Lewis basicity and donicity) in 
determining their adsorbability, characterized by their standard 
Gibbs energies of adsorption. The solvation energy of the ions 
and (especially) the deformability of the solvation shell as the ion 
interacts with a metal electrode surface, are of equal importance 
as these determine (a) how close the charge-bearing centre can 
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approach the 'electronic surface' (the electron overspill plane, 
Figure la), of the electrode metal, and (b) what is the resulting 
specific interaction of the electron pairs of the ion with the metal 
surface and any classical electrostatic image interaction. 

Usually, for anions, these factors are not independent, as 
hydration energy depends in a complex way on ionic radius 
(through the ion-solvent dipole, ion-quadrupole, and longer- 
range Born dielectric polarization energy* components6) and, 
for anions, A-,  increasing ionic radius is also usually associated 
with increasing Gutmann donicity7 of lone-pairs, increasing 
polarizability, and decreasing electron affinity of the radical, A * .  

As ionic size increases, donor electron pairs become more 
accessible to the electrode due to the greater ease of deformabi- 
lity of the coordinating solvent-dipole co-sphere while the 
intrinsic Lewis-base strength tends also to increase.' Hence, in 
ionic adsorption, there is a close but complex coupling between 
the electronic and solvational properties of the ion, each of 
which is related to ion charge density and the position of the 
element from which the ion originates in the Periodic Table. 

Additionally, the hierarchy of adsorbability of anions at Hg, 
shown in Figure 3, is not necessarily the same as at other metals, 
e.g. Au or Pt. The specific effects depend on the work-function of 
the metal, the emergent orbital distribution at its surface as well 
as on the ionic properties referred to earlier. 

As a consequence of these cross-interaction effects, it is 
difficult to make reliable a priori calculations of energies of 
specific adsorption of ions, although some attempt to do this was 
made by Anderson and Bockris,14 taking into account hyd- 
ration energies and other factors, while Schmickler' has made 
quantum-chemical calculations on this problem. Analogous 
problems arise in calculation of salt solubilities which are usually 
highly specific for various salt-pairs of ions. 

The fact that cations, of a given charge and radius, are usually 
much less strongly chemisorbed than anions of comparable radii 
(but the range of ions for which such radii5 are comparable is 
strictly limited with simple ions) is to be attributed to (a) the 
stronger orientational force constants' 6,1 for solvent-dipole/ 
ion interaction (smaller deformability) and the substantially 
smaller (or negative) donicities of cations (they are Lewis acids) 
than of anions. 

4 Determination of Individual Ionic Properties 

Evaluation of individual solvated ion properties is required for 
interpretation of a number of aspects of electrode processes and 
electrosorption. For determination of so-called thermodynamic 
properties of ions in solution, a quite general fundamental 
problem is involved6 in that any experiments that can be devised 
give the mean or geometric mean of the values for the cations and 
anions of the electrolyte. This arises because the thermodynamic 
properties of an electrolyte are determined by the chemical 
potential, p, and the standard value, p', of both the cations and 
the anions of the electrolyte together and, in a coupled way, by 
the chemical potential of the solvent as in measurements of 
vapour pressures or freezing points of salt solutions. That is, 

in Solution 

(4) psalt = posalt + RTlna,,,, = v+p0-  + v+RTlna+ + " - P O -  

+ v-RTlna- 

for a salt of stoichiometry MZ+y+Az+V- ,  fully dissociated in 
solution. Experimentaly, only psalt or poSalt, or their derivatives 
with respect to temperature (giving the partial molal entropy 
and enthalpy) or to pressure (giving the partial molal volume), 
are accessible experimentally, e.g. by means of EMF measure- 
ments employing the Nernst equation or, less directly, by means 

* According to  Born's theory, ionic solvation energy arises on account of loss of 
the electrostatic 'self-energy' of the ion upon introduction of the ion into a solvent 
dielectric medium. The effect is due to the electrostatic polarization induced in the 
medium by the ion's field, corresponding to electronic and dipole orientation 
polarization of the solvent molecules. 

of freezing point or vapour pressure experiments, employing the 
Gibbs-Duhem equation which relates changes of p of the 
solvent to changes of p of the solute with changing composition. 

Although electrodes reversible to one kind of ion are available 
for electrochemical thermodynamic EMF measurements and 
sense the chemical potential of that ion, the above general 
thermodynamic problem cannot be avoided since EMF determi- 
nations always require the dzzerence of potential between two 
dissimilar electrodes. 

However, complementary to the thermodynamic properties 
of ions in solution, are the hydrodynamic transport (e.g. ionic 
mobilities and transference numbers in conductance measure- 
ments, diffusion constants) and spectroscopic properties (e.g. 
infrared and Raman spectral behaviour6 and nuclear magnetic 
resonance behaviour,6 such as chemical shifts' and nuclear 
magnetic relaxation times) together with the dielectric behav- 
iour of ions in solution (change of dielectric constant of the 
solvent or dielectric rotational relaxation times of the solvent 
molecules6 in the presence of ions). 

The above properties are not subject to the fundamental 
limitation inherent in estimation of ionic thermodynamic 
properties but difficulties still arise in interpreting e.g. solvent 
optical6 and NMR' spectral changes, and solvent dielectric 
properties since these are usually influenced by both types of ions 
of the electrolyte in not directly separable ways. However, by 
means of experiments on a series of salts having either a common 
cation (NaF, NaCI, NaBr, NaI) or a common anion (LiCl, 
NaCI, KCl, RbCl, CsCl, Me,NCl.. . R,NCl), useful individual 
ionic trends in such properties can be quantitatively identi- 
fied.6.19 However, by examination of the NMR behaviour of a 
suitable isotope of the individual type of ion itself, e.g.23Na, 'P 
(in phosphate), much less ambiguous information can be 
obtained, but of a different but complementary kind. 

Basically, in the spectroscopic and dielectric methods, the aim 
is to evaluate the specific aspects of ion-solvent (usually H,O or 
CH,OH) interaction such as: (i) time-average coordination of 
the ion by solvent molecules; (ii) mean orientation of solvent 
molecules in the ion's first coordination shell;I7 (iii) possible 
partial electron-transfer9,' O between the ion and the solvent 
(related to the Lewis 'donor-acccptor' behaviour of thc ion and 
its coordinated solvent molecules, especially in transition-metal 
cation solvation); (iv) general electrostatic polarization of the 
solvent, e.g. giving rise to 'H or 1 7 0  chemical shifts in NMR 
experiments, or to vibrational and librational frequency shifts 
in optical spectral behaviour; and (v) local modifications of 
solvent structure near the ion. The NMR effects arise principally 
from electronic polarization associated with the interaction 
between the ion and the solvent, causing a change in local 
magnetic field at the resonant nucleus due to electronic shield- 
ing, an effect that is manifested as a 'chemical shift' in the 
resonant frequency or in the corresponding magnetic field 
required for magnetic resonance at a particular instrumental 
frequency. 

A major direction of research on individual ionic properties in 
solution has involved attempts to introduce some extra-thermo- 
dynamic principle, having some relatively sound theoretical 
basis, by which some thermodynamic property for the salt can 
be separated into its ionic component values. Procedures of the 
above kind were critically reviewed' by the present author, with 
estimates of their reliability. 

An early suggestion for evaluation of individual ionic proper- 
ties was to split salt values equally, e.g. for a salt such as KF  that 
has almost equal radii of its two ions. However, this procedure is 
quite unsatisfactory as it is now known that the hydration 
energy of F- is substantially larger (more negative) than that of 
K + due to the non-cancellation of ion/H,O-quadrupole interac- 
tions in reversal of charge from K + to F -  . Even splitting of the 
salt value for 4 4 A ~ +  .+4B- has been questioned on the basis that 
the interactions of the cation and anion with water are not 
identical as indicated e.g. by NMR experiments. More sophisti- 
cated methods are therefore required and they depend on what 
property is being evaluated. 
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Various extrapolation procedures have been employed, based 
on proportionality of the value of the property to some function 
of ion size or radius, e.g. for individual ionic volumes or less 
satisfactorily (based on the Born dielectric polarization equa- 
tion6) for partial ionic Gibbs energies of ions in solution. Partial 
ionic entropies are the least subject to error as they can be 
obtained with little uncertainty from the EMF values of non- 
isothermal cells, especially when a saturated salt-bridge thermal 
junction is employed. The latter procedure is based on measure- 
ment of the EMF of a cell comprising two identical reversible 
electrodes, e.g. H,, H +/Pt, but at different temperatures. The 
temperature coefficient F.dE/dT is then related to the entropy 
change in the half cell reaction H+aq + e*+H,, for which the 
partial molal entropy sH+ (or its standard value, p H + )  can be 
quite reliably evaluated. l 9  Since s" for a salt, or acid, pair of ions 
can be unambiguously evaluated, knowledge of one individual 
ionic value, e.g. sH 1 ,  enables, in principle, all other ionic values 
to be determined. Data for non-aqueous media are, however, 
scarce. 

Unfortunately, quantities such as d Go and d H" for individual 
ionic solvation, that are required for interpretation of energies of 
activation of ion-discharge processes or energies of adsorption, 
are the least well founded,I9 with uncertainties of at least f 20 
kJ mol- or 0.22 V for a one-electron process. Values of these 
functions are of major importance in interpretations of energies 
and entropies of activation in Faradaic electrode processes 
which involve solvational reorganization or elimination of 
solvation as in proton discharge in water electrolysis. 

Interpretation of activation energies, especially for proton 
transfer, requires not only the overall individual energy of ionic 
solvation but its variation with the normal coordinates of the 
ion-solvate complex, or for H +, with the position of the proton 
being transferred along the reaction coordinate, coupled with 
relaxation of associated H,O molecules, a process complicated 
by the possible involvement of quantum-mechanical tunnelling 
of the proton. Treatments for electron transfer at outer-sphere 
complex ions are in some ways simpler and have been based, in 
earlier work, on the Born energy of solvation; this is now 
believed to be a serious oversimplification as 'reorganization 
processes' involving the ligands themselves, including H,O in 
aquo-complexes, must be significantly involved as indicated 
from volume of activation studies.20 

I t  will be useful to give several examples of evaluations of 
individual ionic properties. In the case of ionic volumes, the 
most reliable m e t h ~ d ' ~ J '  has been that in which the infinite- 
dilution partial molal volumes of a series of symmetrical, 
homologous tetraalkylammonium halides (X -), R,N + X - ,  are 
plotted against either the molecular weight of the cation or the 
number of C atoms in the 4 R groups (Figure 4), to zero; the 
intercept on the volume axis is then the partial molal volume of 
the co-anion, X - .  With such a value, VX-, and any other values 
for suitable salts M + X - ,  values for any other ions in non- 
associated electrolytes can be obtained by additivity principles. 
A complementary method employs measurements of the so- 
called 'ionic vibration potentials', d4i, in solution, generated by 
subjecting an electrolytic solution to a beam of ultrasonic 
radiation.,, A+, ,  coupled with salt solution density measure- 
ments, gives the difference and sum of solvated ion volumes, 
from which individual ionic volume data can easily be calcu- 
lated.6.1 From values of ionic volumes in solution and knowl- 
edge of individual crystal ionic volumes (the intrinsic volumes of 
ions), it is possible to derive ion solvation-shell volumes and the 
so-called electrostriction6 that the ion causes in the solvent, i.e. 
the molal volume decrease, d V,, of the solvent, per gram ion, 
due to the electrostatic polarization tension that arises when the 
ion is introduced into the solvent at infinite dilution. 

Figures 5a and 5b show plots of two individual ionic proper- 
ties as a function of ionic radius as examples, while Figure 6 
shows how the ' H  NMR chemical shift of water depends on the 
volume of R,N+ cations at various temperatures. It is usually 
found, as exemplified here, that the dependence of the given 
property on ionic radius is different for a series of univalent 
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(From J. Davies, R. Ormondroyd, and M. C. R. Symons, J .  Clzeni. Soc.. 
Faraday Trans. 2, 1972,68. 686. 

cations from that for a series of corresponding anions. This 
behaviour arises on account of the substantially different effects 
that cations and anions of similar size and the same but opposite 
charge have on the orientation of water dipoles and resulting 
local breaking or bending of H-bonds. This type of difference is 
important in considering the structure of electrode/solution 
interphases on the positive (with anion adsorption) relative to 
the negative (with cation adsorption) side of the p.z.c. as the 
electrode potential is varied. 

5 Solvational Specificity in Ion Adsorption 
Earlier, reference was made to the role played by the facility with 
which deformation of the solvation shell of the ion takes place, in 
determining the order of strengths of ion chcmisorption. The 
specificity of the solvational aspect of the properties of the ion is 
interestingly demonstrated by the order of adsorption behav- 
iour of ions at the aiviwater interface as manifested in the 
measurable changes, A ,  of surface potential. xs, of the air/water 
interface23 and the values of airiwater interfacial tensions. 

The value of A x s  for salt ion adsorption at air,’water interfaces 
is determined (a) by an ionic d ~ u b l e - l a y e r ~ ~  set up near the 
surface of the water, corresponding to charge-separation 
between the solvated cations and anions across (but within) that 
interphase (due to their different affinities for the solvent and 
different radii), and (b) by different specific electrostatic modifi- 
cations of the intrinsic solvent dipole orientation in the interface 
of the solvent liquid, itself, brought about by the surface excesses 
of the cations and anions. The electrostatic factors involved. 
including electrostatic image interactions, have been discussed 
by Wagner and by Onsager and Samaras,25 Conway,26 and Bell 
and R a n g e ~ r o f t . ~ ~  

In Figure 7 this matter is illustrated by the results of Jarvis and 
SchiemanZ3 for A x s  for a number of salts, some as a series with 
common anions or with common cations. It is clear that Axs for 
the aivlwater interface already depends very much on the type, 
radii, and solvational properties of the ions in water, i.e., in the 
absence of any specific interactions with a metal-electrode ‘wall’. 
Hence the specificity of anion adsorption at Hg and other metals 
must be attributed significantly to the specificity of the ion- 
solvent interaction and structure of the ion-solvent co-sphere, as 
well as from the electronic and electrostatic (image or equiva- 
lent) interactions that arise at the metar. In the latter case. a 
complicating factor is, of course, that the metal itself has 
orientationally specific interactions with solvents such as water, 
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Figure 7 Surface potential changes, Ax,, for salt ion adsorption at the air 

(Redrawn from reference 23.) 
water interface as a function of concentration. 

as shown by Trasatti.2 This solvent-dipole orientation. together 
with its associated local librational entropy,’ depends also on 
qzil at the metal and can be ion dependent26 on account of‘ion- 
specific solvation co-sphere interactions. 

An important class of specific interactions of ions with 
electrode metal and other surfaces arises with so-called ‘hydro- 
phobic’ ions.8 These are ions that have an hydrophobic coordi- 
nation region around the charge as in the case of tetraalkylam- 
monium cations ( R4N ’) or tetraphenylboride or arsonium ions, 
44B ~, c$~As T .  Such ions tend to ’escape’ from aqueous media in 
which they are dissolved as salts either to the airlwater interpace 
or, if an electrode is present, to become adsorbed in the double- 
layer where they can minimize their unfavourable interactions 
with the H-bonded network of water molecules of the solvent. 
The effect is analogous to micelle formation with e.g. long-chain 
alkyl carboxylates, which arises from minimization of unfavour- 
able a 1 k y 1 -gro up: H 0- s t r uc t u re i n t erac t i o n s and maxi mi za t i o n 
of van der Waals interaction between the alkyl chains. 

6 tlectrostriction of Ions in Solution and in 
the Double-Layer 

The individuality of solvation behaviour of ions is manifested, 
amongst other ways, but especially significantly. in the volumes 
(and entropies) of ions in solution which usually differ from their 
respective crystal ionic volumes on account of the electrostric- 
tion of solvent, giving rise to the volume decrease. A VC. referred 
to earlier. Usually, the AVe for ions is closely related to their 
respective entropies of solvation due to a self-compression effect 
(see below). 

The electrostriction effect arises. formally, on account of an 
electrostrictive pressure (tension). P E ,  associated with a field Ein 
a dielectric being given by PE = E2(e - 1 ) / 8 ~  where E is also 
usually a f(E).6 Near ions, E can be up to cc1.3 x lo7 V cm- l .  

Mechanistically, it arises from the tendency of solvent dipoles to 
be concentrated in the high field region of a field gradient; also 
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Figure 8 Electrostrictive pressure, PE,  and electrostriction volume, A V,, 
as a function of field E a t  ions and at an electrode surface for various 
q M  values. 

(Calculated on the basis of the treatment given in reference 27.) 

dipole orientation at ions, in water, leads to structural volume 
changes in the H-bonded water lattice. Similar effects arise in the 
double-layer interphase (Figure 1 d) at electrodes. 

It is of interest to compare the electrostriction at ions with that 
of solvent in the double-layer at electrodes, due to the field and 
field-gradient of the electrode. The importance of electrostric- 
tion in the double-layer, coupled with diminution of dielectric 
constant at high fields, was the basis of Macdonald’s simulation 
of the usually observed (cf. reference 5) hump in the dependence 
of compact-layer capacitance of the double-layer at Hg on 
electrode potential. Electrostriction volumes, A V,, at ions can 
be evaluated as indicated earlier but the required pi data must 
be derived from experimentally determined p data for an 
appropriate salt, using a procedure 9 3 2 1 ~ 2 2  for separating the 
infinite-dilution anion and cation pi values, as described earlier. 

The electrostatic pressure, PE, due to a field, E, in a polar 
dielectric medium can also be evaluated, taking account of the 
pressure and field dependence of the dielectric permitt i~ity.~ 
This leads to an a priori basis for evaluation of A V,; PE and 
AVO,, both as a function of E, as shown in Figure 8. The 
inflection in the PE vs. E curve at high E values arises when the 
orientation polarization energy exceeds the average thermal 
energy k T. 

Also shown are estimates of the fields in the primary hyd- 
ration cospheres of Li + , Na +, and C1- (top scale) and the range 
of fields in the compact layer region of an electrode interphase 
bearing surface charge-densities, q M  between 3 and 30 pC cm-2 
(lower scale). Electrostriction in the electrode interphase is 
evidently comparable with that at small ions in the range of q M  
accessible5 at Hg. Unfortunately, it is not possible experimen- 
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Figure 9 Cyclic-voltammograms for formation and reduction of Pt 
surface oxide in the presence of progressively increasing C1- ion 
concentration from lop6  to 3 x mol dm-3. 

(From reference 29.) 

tally to determine AV, values (per cm2) volumetrically in 
electrode/solution interphases. 

7 Competitive Adsorption of Anions in Sub- 
Monolayer Surface Oxidation Processes 

One of the most striking manifestations of specificity of ion 
adsorption effects is the competitive chemisorption of anions in 
the early stages of anodic surface oxidation of noble r n e t a l ~ . ~ * ? ~ ~  
At Pt, the progressive course of sub-monolayer, through mono- 
layer to eventual multilayer surface oxide formation, can be 
sensitively examined by means of cyclic-voltammetry, a tech- 
nique in which the current response to a potential signal applied 
to the electrode is recorded, with the potential being linearly 
varied in time in a repetitive manner. By micrometric titration of 
halide ions, X- ,  as HX, into dilute aq. HCIO,, commencing at a 
concentration of X-  of lo-’ - mol dm-3, the progressive 
adsorption of X- at a Pt electrode can be accurately followed29 
on account of the gradual diminution of surface oxide formation 
charge and corresponding reduction charge over the potential 
regions for surface oxide formation and reduction at Pt. The 
charge for reduction of an OH monolayer at Pt is ca. 220 pC 
cm-2, a quantity that can be easily and accurately measured in 
cyclic voltammetry experiments. 

The behaviour for C1- adsorption29 is shown in Figure 9 
which shows that C1- initially selectively blocks the surface 
oxidation up to a potential of + 1.1 V vs. RHE. This potential, 
and the charge involved, corresponds, in the absence of C1-, to 
that for completion, by electrochemical discharge from H20 ,  of 
a monolayer of OH on Pt. Beyond 1.1 V, C1- has little further 
effect. Already at low concentrations, ca. 3 x mol dmP3, 
Cl- adsorption competes with the initial stages of 2-D OH 
lattice formation on the surface of Pt, represented by processes 
such as x-Pt + H 2 0  -, Pt,.OH + H +  + e,  where x represents 
the number of Pt sites per OH electrosorbed. 

The competitive adsorption isotherm (Figure lo), derived 
from the results of Figure 9, for the blocking effects of C1- on the 
OH film formation at Pt is a remarkably linear logarithmic 
relation. Contrarily, for Br- and I-  adsorption (Figure lo), the 
competitive adsorption is less selective with regard to blocking 
up to the OH monolayer limit and follows much more a 
Langmuir-type of isotherm (sigmoidal dependence of blocking 
effect on log C,-). These results suggest that C1- is chemisorbed 
with only partial transfer of charge (Cl- + Pt -, Pt.Cl(l + Se) 
so that in the adsorbed state it suffers from strong lateral 
interaction with other Cl(l - 8 ) -  species and with discharged OH, 
giving rise to the logarithmic isotherm of Figure 10, characteris- 
tic of long-range repulsive interaction effects in a monolayer. 
Br- and I- seem, on the other hand, to be chemisorbed with 
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Figure 10 Competitive adsorption isotherms for (a) C1-, (b) Br-, and (c) 
I -  at Pt from the extents of blocking of surface oxide formation, 
measured on the reduction sweep as changes of oxide-film reduction 
charge, A q .  

(Data derived from curves such as in Figure 9; from reference 29.) 
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Figure 11 Cyclic-voltammograms for HSO; and C10; chemisorption 

with charge transfer at a gold electrode, up to the potential beyond 
which 2-D surface oxidation of Au just commences (cf. reference 28). 

almost complete charge transfer so that they reside on the Pt 
surface as almost neutral atoms, hence with much less repulsion. 

At Au, the chemisorption of anions is substantially different: 
HSO, and C10, are found2 to be already chemisorbed prior to 
onset of the initial sub-monolayer lattice stages of surface oxide 
formation and, in fact, cyclic voltammetry on single-crystal Au 
surfaces2 reveals a kind of reversible underpotential deposition 
(c$ reference 13) current vs. potential profile as illustrated in 
Figure 11. Thus, the onset of surface oxidation of Au by OH 
from water takes place amongst an initially electrosorbed lattice 
of chemisorbed anions. 

At Au electrodes, as at Pt at low  temperature^,^^ the first 5% 
of a monolayer of OH is reversibly deposited and reduced 
because it is in a 2-D state on the electrode surface. The 
formation of this sub-monolayer lattice array is very sensitive to 
competition by strongly chemisorbed anions, e.g. HSO;, as is Pt 
by C1- (Figure 9). Figure 12 shows cyclic-voltammograms for 
Au surface oxide formation and reduction in dilute aq. HC10, 
over a series of cyclic sweeps to various increasing positive 
potentials, ‘with’ and ‘without’ HSO; anions appreciably 
adsorbed on the surface. The situation ‘without’ HSO, is 
achieved by initially holding the potential in the sweep far 
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Figure 12 Series of cyclic-voltammograms for surface oxide formation 
and reduction at gold, taken to successively increasing positive 
potentials under conditions (a) with adsorbed HSO, anions present 
on the surface and (b) after their desorption and only incomplete re- 
adsorption, revealing region of reversible, sub-monolayer oxide for- 
mation/reduction. 

negative to the P.Z.C. (so that anions remain unadsorbed) and 
then returning it at 500 V s- to the potential for onset of surface 
oxidation, followed by triggering a normal cyclic sweep at 50 V 
s- l .  When HSO; is present on the surface (‘anions on’ con- 
dition, Figure 12b), the initial reversible region of surface oxide 
formation and reduction at Au, seen when HSO, is ‘off’ the 
surface (Figure 12a), is virtually eliminated (Figure 12b). 

The processes of development of sub-monolayer levels of 
electrosorbed oxygen species at Au, coupled with desorption of 
previously adsorbed HSO; ions (Figure 11) can be followed 
successively down to 200 ps in time of film growth and to 0.5% in 
surface coverage by OH or 0 species, as illustrated in Figure 1 3. 
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Figure 13 Series of reduction linear sweeps, following successive sub- 
monolayer surface oxide formation at Au for various times, down to 
200 ps. The series of curves show the progressive interchange of states 
of the oxide film (as observed in reduction) with time due to (a) anion 
desorption and (b) coupled OH/Au place exchange. The times indi- 
cated are for holding (h) the potential at Eh = 1.34 V to allow 
development of the oxide film, following which cathodic reduction 
sweeps are initiated to characterize the state and charge for reduction 
of the anodically formed oxide film. 



SOLVATION AND SPECIFICITY O F  ION ADSORPTION AT ELECTRODES-B. E. CONWAY 26 I 

Here are shown cathodic voltammograms for reduction of sub- 
monolayer oxide films at Au grown by holding the potential at 
value Eh = 1.34 V (RHE) for controlled times. It is seen that very 
sensitive measurements of these anion-influenced surface pro- 
cesses can be made, in situ, by this electrochemical technique. 
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