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DOUBLE LAYER AND DIELECTRIC THEORY 

A discussion of problems 

By 

Klaus MULLER*) 

(Received November 1, 1966) 

Abstract 

The effect of double layer structure on various phenomena observed at the perfectly 

polarizable electrode is considered. The potential drop across the double layer is critically 

discussed and evaluated, the contribution of the x-potential is assessed, and the dielectric 

constant is shown to vary little as long as the solvent is not eliminated from the double layer. 

Reorientation of solvent dipoles is important for relaxation phenomena but has little effect on 

the capacity of the double layer. The anodic rise of the capacity is explained by an adsorption 

mechanism in which the separation of the planes of charge (metal and anions) is eventually 

reduced to zero. 
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The fundamental problems of the electric double layer at the metal
electrolyte interface are studied in a number of laboratories. Accordingly, the 
field has been reviewed often in recent years1

,2), with stress variously on kinetic 

*) Research Institute for Catalysis, Hokkaido University, Sapporo, Japan 
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Double layer and dielectr-ic theory 

effects, equilibrium adsorption of ions and neutral species and its thermo
dynamics, the polarisability of interfaces, discreteness-of-charge-effects, and the 
observed features of capacity and pseudocapacity. Water, the most frequent 
double layer constituent, has emerged as a key to the explanation of many 
observations. However, it has not found a consistent place in double layer 
models. Its fractional surface coverage, its orientation and its dielectric proper
ties have been inferred, usually, in an indirect way, and it is called into action, 
as it were, on a stand-by basis. 

The present paper attempts some discussion on problems where the 
presence or absence of water (or a solvent in general) in the double layer 
m':ltter. The unresolved questions or the suggestions will certainly require 
exact solutions in future theoretical work. Some of the quantities or concepts 
presented may be a starting pClint for new experimental work. The problems 
are, in particular: dielectric dispersion, potential differences and total potential 
drop in the double layer, the x-potential, the dielectric constant in the double 
layer, the energy of the double layer capacitor, and the charge density as 
electric variable. 

2. Dielectric dispersion of the solvent in 
the double layer 

This has been inferred experimentally3) and theoretically4! with specific 
reference to the water in the double layer, and it has also met with criticism2

•
5

). 

Dielectric dispersion will, of course, occur under a variety of conditions. Most 
of the observable phenomena are artifactitious, but some are related to inherent 
causes, to processes that cannot be separated from the functioning of the 
double layer as such. If one accepts at all the concept of water (or any 
polar solvent) acting as double layer dielectric, then he rnust expect dispersion 
phenomena at some frequency, by simple analogy to the behaviour of bulk 
dielectrics. Present evidence indicates that the rnean relaxation time corres
ponds to frequencies not normally attained in double layer capacity measure

ments, and calculations have shown that the effects observed are consistent 
with dipole relaxation3l . Other double layer constituents, alone or in combi
nation, may produce further relaxation phenomena; in this respect, definite con
clusions must be left to new experiments. In particular, the importance of 
inhornogeneity dispersion in the sense of WAGNER'S theory6l is uncertain 
at present. The question should be answered whether, at liquid electrodes, 
a distinction between relaxation processes and the effect of inhomogeneities is 
meaningful in the monolayer concerned. 

In the present context, reference to these dispersion phenomena is important 
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mainly because they are one aspect of solvent reorientation in the electric 
double layer. This reorientation is part of the following discussion. 

3. Potential differences in the double layer 

3.1 GRAHAME's various potentials 

Figure 1 shows an idealised electrostatic model of the double layer, and 
many of the potentials that have been defined are inscribed. The idealisation 
consists in the assumption of a two-dimensionally uniform charge distribution 
in infinitely thin planes parallel to the metal surface, and the assumption of 
uniform dielectric properties at least in the two regions between planes M and 

Bulk 
metal 

v Bulk 
solution 

~-';-+""';"'+=.,j.._-+-::--___ ~(s == 0 
X 

Fig. 1. Potential-distance profile of the electric double layer. Charges 
at planes M (metal), 1 (contact-adsorbed ions) and 2 (plane of 
closest approach of ions which are part of the diffuse layer) 
are smeared out uniformly. 

1 and between 1 and 2. The symbols in the figure correspond largely to 
GRAHAME'~7:8): the definition of the corresponding quantities is evident from 
the figure. The potential (/JI, for example, is that at the plane of ions in 
contact adsorption (specifically adsorbed) and does not include any contributions 
due to the discreteness of an ion at the point under consideration. This latter 
restriction poses the problem (which has received attention in discreteness-of
charge calculations, e.g. by KRYLOV9

)) that the picture drawn applies directly 
only to infinitely small test charges-even where the averaging condition is 
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observed. 

The picture of Fig. 1 should be useful where macroscopic quantities such 
as capacity, charge density and potentials relating them are concerned. Under 
the assumptions made, all the potential drops are related to respective charge 
densities by relations of the type 

( 1 ) 

Here, ij stands for any of the indices in Fig. 1, except S; qij is the part of 
charge density common to plates i and j of parallel plate capacitors (which are 
in series for any additive ¢u), x is the separation between a plane, i or j, of 
charge and plane M, and Cij is the dielectric constant of the region between 
planes i and j. (In the following, (Pz-¢SS¢2 will be neglected.) 

It is evident that some of the charge densities thus defined, for example 
q02 and q", lack physical significance, i. e. cannot be related to definite parts 
of ionic surface excesses. Any capacities related to them, e.g. C 02 and en, 
will hence also be physically meaningless. Lastly, if ¢M was the total potential 
drop between the metal and the solution (developing in excess over any potential 
drop present at the potential of zero charge), one is wondering where the 
much-discussed variable x-potential comes in. As far as Fig. 1 is concerned, 
such a dipole potential could only enter as a constant by way of fixing the 
solution potential ¢8SO at some potential of zero charge. This problem is 
further considered in Section 3. 2. 

3.2 Dielectric constant, x-potential, and total potential drop in the double 
layer capacitor 

The properties of a parallel plate capacitor are determined by the separation 
of the plates, x j - Xi = x, and the behaviour of the dielectric between the plates. 
For the double layer capacitor, one might conventionally take the separation 
between !vi and 1 (Fig. 1) as an ionic radius, that between M and 2 as 
a hydrated ion's radius. (As long as water is a prime constituent of the double 
layer, the effective dielectric constant will be near six3

).) 

BOCKRIS et. al. 10
) have introduced arguments that X 2 actually includes the 

distance across a hydration layer on the electrode. On the other hand, X 1-

as defined above-has received little criticism. In fact, tests of ionic adsorption 
isotherms lll have confirmed its value quantitatively except for iodide. This ion 
is the only one, however, for which the anodic rise of the capacity-potential 
relation12

) occurs near enough to the point of zero charge to have a pronounced 
effect on the isotherms (cf. also the irregularity in the plot of ¢i-here in Fig. 
1 denoted ¢O-against potential found by GRAHAME8

)). This may actually give 
a clue as to the properties of the double layer capacitor on the anodic side 
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which so far are the subject of considerable controversy (cf. the discussion of 
DEV ANATHAN and TILAK2); DEVANATHA;\l advocates a constant inner layer 
capacity, GRAHAME7

,13) took it to vary strongly with potential); see below. 
The situation is complicated by the likelihood of compensation between 

the effects of compression of the double layer (electrostriction) and of reduction 
of the value of the dielectric constant as the polarisation increases, i. e. possibly 
c/xc::::.const" and thus a constant integral capacity of any layer with dimensions 
governed by constituent particles: 

K = c/4nx (2 ) 

(in cm/cm2; if c=6 and x=2.78x10- 8 cm, K=19flFcm-2-a rather realistic 
value*), justifying essentially the direct application of parallel plate capacitor 
relations to a double layer filled with water molecules). 

An exact theory of the dielectric constant, c'tl, in the double layer has 
not been given, but this is a problem somewhat different from those normally 
encountered in dielectric theory. Consider first the case where the double 
layer is water-filled. The atom and electron polarisabilities, a" + a e , of the water 
molecule add up to 4.17 X 10- 24 cm3, equivalent to a dielectric constant of 5.2. 
Using the simplest expression, only valid for a gas at moderate pressure, 

c-1 = j~l'!_ (a+f(fl)), 
c+2 3 

(3 ) 

one finds that f (fl) (a simple function of the molecular dipole moment, fl) IS 

much smaller than a: If c'Il=6, f(fl)=0,29>;10- 24 cm3
, if c'1l = 10, f(fl)=1.19>: 

10 24 cm3
• According to a more appropriate relation, e,g, ONSAGER'SI4), 

c-1 _ n2+2 (n2+2J2(2c+1) Nfl2 ----·--·Na+-- .-----.... -. ----
4nc 2c + n 2 (2c + n 2J2 9 kT 

(4 ) 

with n2 = 1. 78, fl = 0.57 D**) for c'u = 6; fl = 0.91 D for c'll = 10 (fl = 3.1 D for 
c = 80; from this last value one might conclude that these estimated moments 
are correct to the order of magnitude). 

These results indicate that the contribution, co, of orientation polarisation 
to the double layer dielectric constant is small. But they give no indication 

how this contribution varies with potential. Calculations on the reorientation 
of water in the double layer10

,15) show that it is "slow" (i. e. its variation with 

*) This should, strictly speaking, be the capacity of two metal plates separated by a 
monolayer of water adsorbed on them. 

**) This is a value for the dipole moment of an individual molecule, and must be dis
tinguished from an average value such as might be calculated from some value of the 
I-potential. 
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the field), and that saturation is incomplete within the experimental range. 
Thus, eo is not reduced to zero in this range, and one may conclude that eo 

plays no significant part in the observed changes of the dielectric properties 
of the double layer (its capacity); moreover, it varies with electric polarisation 
in a sense opposite to that observed with the capacity (e.g. the inner layer 
capacity of GRAHAME7

,13)). 

It is not known with any certainty what happens to the contributions of 
electron polarisation, ee, and atom polarisation, e", as the immense double layer 
fields are built up (240/e megavolt per cm at 20 pC cm- 2 charge density). If, 
speculatively, e" is related to the displacement of the relevant nuclei along 
a MORSE curve, an ultimate rise, rather than any saturation, is expected for 
this quantity; thus if water remains as dielectric in the double layer, eril might 
rise with electric polarisation, after an initial decrease corresponding to the 
parabolic part of the potential energy-distance curve. But, two arguments speak 
against an effect of this on the observed dielectric properties of the double 
layer on the anodic side. First, anodic films of mercury salts are formed in 
neutral or acid solutions before decomposition of water occurs (with increasing 
anodic polarisation), indicating chemical stability of the water molecules within 
the experimental range of double layer studies; secondly, most of the anions, 
or probably all, become specifically adsorbed and expel water from the part of 
the interface where the field is strongest, at least to such an extent that the 
water molecules escape electric break-down. 

This leads to considerations on a second case, that where the double layer 
capacitor does not remain water-filled. One may then argue to use a dielectric 
constant appropriate for ions, as suggested by STERN16

). This will be correct 
for ions which behave as "solvent", rather than as charged particles. According 
to the idealisations of Fig. 1, they would have to form ion pairs oriented 
parallel to the interface. In molten salts, such a configuration can be imagined. 
In aqueous solutions, both experiments on the adsorption behaviour of ions2

) 

and statistical treatments17
,18) indicate the formation of alternatingly charged 

layers, each of like ions, parallel to the interface, as far as the solution side 
of the double layer is concerned; and a statistical de-coupling of ions with 
different adsorption properties19

) is predicted. 

Thus, as the solvent is expelled from the inner layer under high anodic 
polarisation, a lower dielectric constant becomes applicable, either that of 
"solvent ions" or one of unity, viz. when there are layers of charged species 
not separated by any solvent. This effect should more than compensate any 
effect of increasing ea' [Of course, within the experimental range, the coverage 
of the electrode by ions remains far short of unityll), unless bulky ions are 
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considered20
). In many instances, therefore, the inner layer field as an average 

may be validly calculated as 

(5 ) 

where q'Y follows from experiment, and c'll will be between five and six when 
averaging over the total dielectric space in the inner layer (in Fig. 1, between 
M and 1).] The ultimate rise of the capacity on the anodic side remains, at 
any count, unexplained on the basis of dielectric theory. 

Further below, this sharp rise12
) will be considered. Before, the problem 

of potential differences across the interface should be examined. This exami
nation is connected with the postulate of a variable X-pctential due to (re-) 
orientation of water or any polar solvent or adsorbate. We admit at first 
that this gives rise, in any given system, to a constant contribution, Xo, to 
the potential drop at the potential of zero charge. At this point, considerable 
uncertainty arises whether or not to use a relation applicab~e to the situation at 
the metal-gas interface, VIZ. 

dip = d¢+dX' (6 ) 

or an integrated form of it, where changes in the total potential drop, Ip, 

between the inner of a phase and a point at infinity in ~acuum are considered 
as the sum of changes in outer (¢) and surface (X) potential. OVERBEEK21

) has 
discussed some of the difficulties connected with the use of this equation when 
the metal-gas interface is replaced by a metal-solution interface and when, in 
a narrower sense, ¢ is attributed to the distribution of charged species (cf eq. 
(1)) and xto that of polar species. In view of the molecular structure of the 
interface, this redefinition of ¢ and X can be admitted but, unless the dielectric 
constant is also redefined, eq. (6) should now, in the present author's opinion, 
not be used at all. One has either 

dip =d¢ (7 a) 

where ¢=f(q, c, x), in form of a combination of equations such as eq. (1), q 
being a function of the adsorption isotherms of ions which in turn depend on 
several experimental parameters including q; c is a function of the composition 
and polarisation of the interface and includes a part due to orientation polari
zation, ao, arising with the variable orientation of the solvent (and/or other 
polar species); or 

dip = dX (7 b) 

where X is a function involving induced (aEdl) as well as permanent dipole 
moments of all neutral constituents of the double layer; and in principle, 



Double layer and dielectric theory 

( 8 ) 

where N is the number of species i per unit area, Ceff the dielectric constant 
applicable effectively in such a calculation (cf Ref. 15). 

Upon integration, both equations (7) will yield a constant, SOo, which III 

the case of eq. (7 a) is a x-potential in the restricted sense (X in absence of 
charges), in the case of eq. (7 b) a 1'-potential in the restricted sense (1' in 
absence of net polarisation of the dielectric); but except for these constants*), 
any combined use of (7 a) and (7 b) must rest on an arbitrary separation, for 
example, of induced and permanent polarisation of the dielectric in the double 
layer or, in other words, an integration using a variable integration constant
a rather unusual situation. Physically, such a procedure would amount to an 
arbitrary combination of two work terms, one due to charging of the capacitor 
plates in presence of some dielectric, and one due to the polarisation of the 
dielectric between the plates, both incomplete. 

Consider now the case of a double layer containing two dielectrics, e. g. 
water as solvent and an organic substance as adsorbate. Contact adsorption 
and diffuse layer effects will both be neglected now. Figure 2 shows a model 
of the interface for this case. Plane M is the same as in Fig. 1. Plane 1 
has become meaningless because of the assumption just made. Plane 2 is 
split into an outer HELMHOLTz plane for the solvent molecules, denoted 2H ,o, 
and an outer HELMHOLTZ plane for the organic adsorbate molecules, 2A • The 
three planes of charge are at M, at 2H ,o and at 2A ; they divide the double 
layer dielectric in two layers, I and II. One must expect four contributions 
to the potential: one each due to water and to A in region I, and one each 
due to water and A in region II. The potential drops across consecutive 
layers are additive. As to the potential drop across one layer (e.g. region I), it 
will not be assumed here that the planes 2 are equipotential planes on a 
molecular scale; or that the charge is smeared out over these planes uni
formly, except where their "H20" or "A" fractions are concerned. Rather, the 
contributions of individual molecules or parts thereof to the total potential 
drop across anyone region are taken to be additive, in connexion with eq. 
(8), and the respective fractional capacitors are in series. The four potential 
drops and their sums are shown in Fig. 2. The assumptions made are 
eko <{ e~.o, ei = e~. For the potential drop between M and 2A , one can write 
(SOo is a constant, see above; OH,O = 1-0 A) : 

SO-soo = (1-0A)x~,o+{hx~. (9) 

*) which in principle, of course, also contain a contribution of other interfaces in the 
circuit; but this is here considered to be eliminated by reference to appropriate zero 
charge potentials. 
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II 

M 2H,o 2A 

Bulk 
solution 

Fig. 2. Potential-distance profiles of the electric double layer with 
variable dielectric material. Small white figures: water in 
contact with the electrode. Small shaded figures: water 
between the planes 2H,O and 2A. Large shaded figures: 
neutral organic adsorbate. 

x~,o and X~ are the potentials between plates of hypothetical double layer 
capacitors containing water (practically a monolayer only since the contribution 
of layers further away from the plane M is much smaller) or substance A 
exclusively, but in the orientations typical for given values of fh and q; OA is the 
fractional coverage of the electrode by A, a neutral organic species competing 
with H 20 for the electrode surface. The model resulting is a series combi
nation of the two fractional capacitors; other arguments for this combination 
have been advanced22

)_ 

The detailed evaluation of the various potential drops should be based on 
the charge distribution functions, i. e. the probabilities of finding components 
of charge associated with the different adsorbed species, and on the ensuing 
distribution of the field across the microscopic regions of different dielectrics. 
This is not attempted here. Instead, the total potential drop across the water
filled double layer capacitor will be evaluated from an adsorption experiment. 

Differentiating eq. (9) at constant charge with respect to coverage one 
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obtains 

~ = _ d<p = ' _, + 0 (dX~'o _ dX~) 
dOH,o dO A XH,O XA A dO A dO A, . 

(10) 

FRUMKIN et al. 23
) have shown experimentally that X~ and dX~/dOA become 

quite small at small coverages of such molecules as pentanoic acid or butanol; 
this should be connected with the random orientation of the polar group of 
a lone molecule and the small probability to find ions associated with it, rather 
than with any given -water molecule adsorbed around it at the electrode. It 
may be assumed, on the other hand, that X~,o does not depend on (J A when 
this is small. In this limiting case, eq. (10) may, therefore, be written (t 
denoting total, used because of a necessary distinction, see below) 

1· d<p t 
1m --- = XH,O , 

8A-O d(JH,O 
(ll) 

where X~,o is a particular value of X~,o. 
The differentiation has been carried out graphically with the plots shown 

10 Fig. 3, from BLOMGREN et al.'s data24) for the system mercury/O.l N Hel 

I.vr-----,---,-----,----,--,------,---,---,------,---,---,-----, 

IJ 

-BOO mV 

U.[mV vs. RHEJ 

Fig. 3. Coverage of a mercury electrode by butanol. Adsorption from 
0.1 N HCI aq., containing (from top to bottom) 0.5 M, 0.1 M, 
0.05 M, 0.01 M, and no butanol. Bold lines connect coordinates 
corresponding to the charge densities indicated in the figure (in 
p.C cm· 2). Potentials against a hydrogen electrode in 0.1 N HCI 
aq. (without butanol). 

aq. + n-butanol. The results are given in Fig. 4; they represent approximately 
the x-potential across a monolayer of water as a function of charge density. 
The same figure shows the potential measured in the system without butanol, 
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400 [mY] 
x~,o or 

'P- 'P. 300 

200 

_<1M 

10 5 

-100 

-200 

-300 

-400 

- 500 

Fig. 4. Potential drop across the double layer capacitor filled 
with water. '1'-'1'0 as measured directly, except for the 
constant; xlI,o as obtained from Fig. 3 by eq. (11); both 
as functions of the charge density on the metal, qM. 

setting SOo at a value of - 225 m V so that SO - SOo = 0 at a charge density 
gM = - 2.3 pC cm -2. This is also, because of the relation (r A(1) is the surface 
excess of A, PA its chemical potential, U = SO + const.) : 

(12) 

the charge density of maximum adsorption, q!.ax 25) • The adsorption maximum 
of organic subsances such as butanol was expected to occur where water has 
no preferential orientation1o,27). 

It should be stressed again that the quantity shown in Fig. 4 is the total 
x-potential, and was therefore denoted xt. It includes induced polarity. The 
much-discussed quantity XH,O 1,2,10,15,21,28-30) is contained in Xt:,o. In the light of 
dielectric theory (see above), it is expected that, since xocao but loca(a=ae + 
aa + ao) and edl

:::::: 6, 

(13) 

Correspondingly, the lowering of the capacity of a water-filled double layer 
beyond the region of dipole relaxation should not exceed 15 %.3,26) 

Incidentally, consistent use of the relation between eq. (7 a) and eq. (7 b) 
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should make it possible to decide experimentally whether III double layer 
problems, in relations of the type 

x = nrNp/ e , (14) 

c=4 or less (cf eq. (8) and Ref. 2). 

3. 3 DAMASKIN'S theory of the hump 

DAMASKIN31
) has put forward a quantitative theory of the well-known 

hump observed on many capacity-potential curves in aqueous solutions. In the 
present context, his work should be briefly reviewed. 

It is interesting to have a value of 41 A2 per adsorbing water species. 

DAMASK IN takes this result from his hump theory as confirmation of findings 
in his work on the theory of the potential-dependence of the adsorption of 
organic molecules32

). It appears that this consistency arises from consistent 
neglect of interaction of water molecules among themselves at the interface. 
Since DAMASKIN'S theory is mathematically correct, these interactions must 
show up in unrealistic parameters. BOCKRIS et al. 25

,33) who took the inter
action into account explicitly could use molecular ratios of displacement of 
water by organic molecules in agreement with expectations from the molecular 
size of a single water molecule (,.....,10 A2). 

A second observation is the following. DAM.';SKIN'S treatment appears to 
amount to taking XH,O = xk,o' Thus his values of p and e, in particular their 
ratio, must be taken as effective figures: If e is put at a realistic value of 
six, instead two, p must be raised by the same factor and will hence include 
induced polarisation. But if this is so, then the agreement found cannot be 
taken as proof for the correctness of the hypothesis that the hump is due to 
dipole rotation. Of course, in the sense of Fig. 4 above, the approach is feasible 
in principle; there should be an inflexion on the qM - xk,o curve in exactly 
the same shape and position as the one on the qM -if! curve. But in order 
to assess the contribution of reorientation of permanent dipoles on this, X and 
xt must be distinguished. The effect of the adsorption of ions on l or if! was 
suggested to prevail over that of the dipole reorientation10

,l1), in agreement with 
eq. (13), and thus to govern the humps. 

The difference in hump properties quoted by DAMASKIN regarding various 
anions can be understood as follows. Ions of the chloride type displace oriented 
water (this produces jxk,o), just as do ions of the nitrate type (structure 
breaking ions). But, their effect on the orientation of water remaining beside 
them in the double layer is quite different, because the former are small and 
have a large field around them, while the latter are large and have a relatively 
weak field. Both effects (displacement and reorientation) are neglected in the 
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theories compared. To take account of this in a x-type theory (DAMASKIN) 
would require to consider in detail the changes in induced and permanent 
polarisation of the water layer when ions become adsorbed, in fact this should 
be a quantitative function of the adsorption curve (amount adsorbed against 
electric variable at constant concentration) of the ions. To account for this 
in a ¢i-type theory (cf eq. (1); BOCKRIS et ai. gave expressions in terms of 
ql, the amount of ions specifically adsorbed) would require to consider in detail 
changes in e as a function of adsorption. These improvements should await 
a HARRIS-ALDER type theory of the double layer dielectric (which, incidentally, 
should be less complicated than the theory for a bulk dielectric34l

). 

3.4 The anodic rise of the capacity curve and the orientation of water 
on gallium 

FRUMKIN et ai. 35l have stated that they cannot explain the rise of the 
capacity curves on Ga by the adsorption of ions, and attributed it to the 
adsorption of water. The comparison of the adsorption of various ions in 1 N 
solutions leaves no doubt that water adheres more strongly to Ga than it does 
to Hg. However, on capacity curves, only the adsorption of charged species 
(z*o) can be observed directly. One has always22,36) 

(15) 

where Ci = -(ari(l)/aU)w For the above hypothesis to hold, water on Ga 
would have, (i) either to adsorb under charge transfer-but then the capacity 
should vary significantly with frequency; it does not, and therefore this pos
sibility must be ruled out; (ii) or it would have to affect the adsorption of 
anions, by its dielectric properties, in such a way that C- o) (- denotes the anion) 
in eq. (15) becomes much larger than in the case of mercury-but this expla
nation differs in important detail from the one advanced in the work mentioned. 

The situation can be understood as follows. The quantities of ions 
adsorbed on Ga are smaller than on Hg at low double layer fields, but they 
rise faster with anodic potential. The charge density also rises fast with anodic 
potential, as seen from the data published. As a function of charge, the 
adsorption of ions on Ga will resemble more closely that on Hg, but, the 
potential changes caused by the same increase of r,,- (Ii (the amount of anions 
adsorbed in contact with the electrode) differ for the two metals, and are 
smaller for Ga. / 

If adsorbed water had a higher dielectric constant in the case of Ga, and 
hence a higher value of xt, then a larger potential shift upon its desorption 
(opposed to that in U), and a smaller net change of the potential due to adsorption 
of ions, could indeed be observed. But this assumption is in disagreement with 
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the observed capacity values on the cathodic side which are equal to those 
observed on mercury. The differences between Ga and Hg must, therefore, 
be explained by the behaviour of the adsorbed ions. 

This proposition is developed here in two stages. The first stage is 
designed to explain the differences between Ga and Hg as a whole and also 
an observed anomaly in the adsorption of iodide on Hgll

•
37

). The second stage 
is designed to explain the ultimate anodic rise on either metal. No sharp 
boundary between these stages of adsorption, nor in the transition from ordinary 
contact adsorption to these stages, is implied. The second stage is discussed 
in Section 4. 4, the first stage is described in the following. 

When, on a liquid metal or a metal near the ~\Wi point, particles are 
adsorbed which are comparable in atomic weight and size to the adsorbent 

R R R 

A. B. c. 
Fig. 5. Ions in contact with the electrode. 

M: the metal; S: the solution; R: a plane tangent to metal atoms 
carrying no adsorbed ions; + : the positive plate of the double layer 
capacitor (charge associated with the metal surface); -: the negative 
plate of the double layer capacitor (charge associated with anions in 
contact with the metal). Cross-hatched: mercury atoms; shaded with 
horizontal lines: anions (bold circles); empty circles: water molecules. 
Part A: Ordinary contact (or specific) adsorption 
Part B: Intensified contact adsorption (ions piercing the metal surface 

'R'): Reduction of (<pM_<PI) (cf Fig. 1) 
Part C: Intrinsic contact adsorption (ions and metal atoms in the 

same plane): Further reduction of (<PM - <PI) to zero and re
versal of its sign 
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metal atoms, then they will push into the metal surface (given by a plane 
through some point of reference in the periphery of metal atoms without 
adsorbed particles*)). This will lead to a smaller value for Xl, figure 1, and 
a smaller increase of potential with charge by the simple electrostatic relation 
(1). Considering atomic weights, this 'piercing' of the metal surface is likely 
for Hg with 1- only, but it is likely for Ga with Cl- and Br- as well. The 
absence of the effect for ClOt follows from the geometry of this ion. Ordinary 
contact adsorption and intensified contact adsorption are shown in figure 5, 
parts A and B, respectively; the + and - plates of the inner layer capacitor 
are drawn closer together when ions pierce the surface. (The position of the 
+ plate in the metal is somewhat arbitrary; it will be close to the 'tangent' 
surface 'R' if the dielectric constant inside the metal is very high up to 'R'.) 
This effect seems more reasonable than the very considerable compression of 
1- ions which otherwise must be assumed, cf Ref. 11. 

4. Charging of the double layer 

4. 1 Choice in the expressions for the energy of the charged double layer 
capacitor 

On the basis of the comments in Section 3. 2, one may choose between 
the state of charging (charge density and potential across the double layer 
capacitor) and the state of polarisation (the energy of adsorbed particles in the 
double layer field), in order to describe the energy content of the double layer 
and its variation with potential or charge density. FRUMKIN'S theory of the 
potential dependence of adsorption38) follows the first line of approach, with 
the modification that the charge density is expressed by capacity and potential 
which are both 'over-all' quantities which cannot easily be related to a molecular 
picture. BUTLER'S39) and BOCKRIS et al.'s lO,25-27) theories follow the second 

line, which by its nature is closer to a molecular picture, they use, however, 
some strong approximations which will have to be reexamined when the 
dielectric theory of the double layer has been developed beyond its present 
state. DEV ANA THAN and TILAK2

) use what appears a combined expression. 
A new theoretical development appears possible in connexion with Figure 

2; viz., to determine Y'o as shown, and to use the values (Y'-Y'o)=X t as basis 
in the state-of-charging approach, accounting at practical coverages, where l 
must be replaced by X' (eq. (9)), for the obvious condition that there is then 
a contribution of the dipole moments (permanent and induced) of increasingly 

*) or with adsorbed particles of much smaller weight, such as the solvent molecules; 
these cause, as it were, no recoil when they collide in thermal motion with the metal 
surface atoms. 
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oriented adsorbate molecules. In this theory, the variation of x' across the 
double layer would be calculated as a function of coverage over the available 
range of charge densities. By integration of equation (12), adsorption curves 
can be arrived at theoretically. 

Of the approaches outlined, only the last one will give room to predict 
the variation in the components of charge upon adsorption of neutral molecules, 
or conversely to predict the variation of adsorption when increasing the specific 
adsorbability of the ions of the base electrolyte, because the potential due to 
such ions may be accounted for separately, adding another term to equation (9). 

4. 2 Rational potential and differential potential 

Potential differences across interfaces are usually referred to an arbitrary 
zero, for example to the potential of zero charge in a solution "without 
adsorbing ions" (the rational potential, Ur , of GRAHAME7)), or to the potential 
of zero charge in the same solution *) (U8 ). Thermodynamically meaningful 
potentials7

), Ui , on the other hand, refer to electrodes corresponding reversibly 
to the activity of one of the constituents, i, of the solution; and the scheme 

430 

420 

410 

400 

390 

380 

370 

r [erg em2
] 

b. 0.1 N Hel + 0.2 M BuOH 
o 3.0 N Hel 
• 1.0 N Hel 
o 0.1 N Hel 

20 15 10 5 a -5 

Interfacial tension plotted against charge density, qM, for the interface 
between mercury and the solutions indicated in the figure. 

-15 

* ) V8 = V - Vzc where Vzc is the potential of zero charge in the same solution and 
is measured against the same. reference electrode as V. 
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of thennodynamic relations between interfacial tension, surface excesses, charge 
density, differential capacity and other quantities22l is built on the use of the 
Ui scale of potentials. 

It may be argued22 ,25.26, 4ol that neither Ur and Us nor Ui are satisfactory 
electric variables when more than thennodynamic infonnation about the interface 
is desired. The charge density, qM, can be held constant, instead of potential, 
to evaluate adsorption.40.42l). It will be interesting to see what happens when 
substituting qM as a variable for the potentiaL The interfacial tension varies 
with qM thus (see Figure 6): 

(or/oqM)!! = - U'l , (16) 

a quantity not hitherto defined. Equation 16 is the equivalent of the LIPPMANN 

equation where the electric variable is changed from U to qM. U'l as a function 

400 

Ud [mY] 

200 

Us [mY] 
I 

-800 200 -200 -400 -600 

Fig. 7. The differential potential, Uri, at the interface between mercury 
and various aqueous solutions: 1: 1.0 N HCI; 2: 0.1 N HCI; 
3: 0.01 N HCI; 4: 0.1 N HCI+0.2 M butanol. Potentials Us 
referred to those of zero charge in the particular solution. 
Broken line for the ideal case U,l= Us. 

-1000 
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of Us is shown in Figure 7. The quantity shows an unusual behaviour, it 
becomes very small again on the far anodic side, contrary to qUi It will be 
appropriate to call Ud the differential potential, by analogy as follows: The 
potential, Us, and the integral capacity, K, are related by 

(17) 

whereas it is easy to show that the differential capacity is given as 

(18) 

Us could thus be called the integral potential. 
Here, an important point must be made. GRAHAME has made _ it quite. 

clear that what one measures in an a. c. method is the differential capacity, 
and in its definition, 

c = (aqM/aU)p , (19) 

the integral potential appears (dU=dU,=dUs=dUi at const. p). Now the 
energy of a charged double layer capacitor is 

and can be rewritten 

W=)KU2
• 

2 s 
(21) 

But, as a component in a circuit, the capacitor behaves as one with the capacity 
C, and therefore eq. (21) should be more properly written as 

1 W = _ .. CU"Us • 
2 

(22) 

Significant deviations of u't vs. Us from the straight line of unit slope in Figure 
7 are then a direct measure for the malfunction of the double layer as a 
capacitor in this circuit. 

In the interpr.:~tation of double layer phenomena, Us is an experimental 
quantity, and C can be given in terms of the adsorption curves of charged 
components of the solution as a function of Us (cJ. eq. (15)). In a way, Us 
may be considered as an external quantity, impressed by experiment on the 
system. Now the question arises often how it comes that r -(1) rises so quickly 
with Us upon strong anodic polarisation (see above Section 3.4). Equations 
(20) and (21) do not supply any answer but from eq. (22) it can be seen that 
there is a significant potential which becomes small under these conditions. In 
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fact, .it decreases faster than U8 increases. Thus, the charging of the double 
layer condenser does not occur against a constant (or constantly rising) potential 
drop inside of it! (Actually, these statements should be made in the reverse 
sense, viz. as more ions become adsorbed, they cause changes in U., Uri and 
C, among them least significantly in U8 ). It must also be noted that C and 
U8 are over-all quantities referring to an existing double layer structure so that 
Ud emerges as a meaningful quantity where changes in this stucture are con
cerned; as it were, it accounts for the changes in double layer structure after 
the "double layer effect" has been taken into account. 

If 0.1 is extrapolated to zero, a potenti~l of about 20 m V anodic to the 
reversible potential of calomel formation (indicated by vertical lines at the left 

1000.....-----------------...., 

50 

30 

20 

15 
12 

0 -200 -400 - 600 -800 -1000 

-15 I 
U_ [mV vs. RCE] 

-20 

Fig. 8. The intrinsic capacity, Cln, and the differential capacity, C, at 
the interface Hg/1.0 N Hel. Potentials against a calomel 
electrode in the same solution. 
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ends of the curves in Figure 7) is obtained. At this potential, a non-steady 
transition of C from values of the order of 1000 to values of about 5 pF cm- 2 

was observed in all solutions43
!, and simultaneously a variation in the resistance, 

indicating that a reaction producing a barrier on the electrode surface occurred; 
films could also be observed directly. It thus appears that the quantity U!l 
provides a link between the non-polarisable and polarisable electrode phenomena 
not provided by any other quantity referring to the polarisable electrode. (The 
reaction resistance is a quantity referring to the non-polarisable electrode.) 

4.3 Differential capacity and intrinsic capacity 

From the differential potential, a new quantity of the dimension of a 
capacity can be found as 

1000,-------------------------------., 

500 

C I Cin [/1 F cm-2 
] 

I 
I 

200 I 
I 
I 
I 
I 
I 
I 
I 

50 I 
I 
I 

30 I 
20 I 

I 
15 I 
12 I 

I 
0 -200 -400 -600 -800 -1000 -1200 -1400 

V_ [mV vs. RCE] 

-50 

-100 

-200 

Fig. 9. The intrinsic capacity, Cin, and the differential capacity, C, at 
the interface Hg/O.Ol N Hel. Potentials against a calomel 
electrode in the same solution. 
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(23) 

and this is shown for actual systems in Figures 8 and 9. Its significance 
should be closely related to double layer structure. If U'I can be understood as 
a net potential*), not containing any "double layer effect", then C in should have 
a significance (in terms of a component in an equivalent circuit) which reflects 
directly the behaviour inside the double layer, and it should allow a more 
direct interpretation of the changes at the interface. In other words, if the 
adsorption of just one ion was supposed to be determining for the double layer 
structure-as well-founded for the anodic branch-, then C1n should be amenable 
to an approximate electrostatic interpretation of the adsorption of this ion. 

4. 4 Intrinsic adsorption 

Figs. 8 and 9 show that C in for the Hg/HCl aq. interface assumes (when 
going anodically) very high values before Crises; then it becomes infinity and 
finally negative over a region of potentials Us < U rev . This may be explained 
by the appearance of a new adsorption pattern, as sketched in Figure 5, part 
C. It is recalled that the first portion of the rise of C (or similarly of Cin ; 

the hump is included in this region) toward the anodic side is explained by 
contact (or specific) adsorption, Figure 5, part A IO

•
44). In this region, or next 

to it, one may have an adsorption effect as discussed above, Figure 5, part B. 
The further and ultimate rise should be due to an adsorption pattern as shown 
in Figure 5, part C, which is suggested to be called intrinsic adsorption, in 
which the ions move much closer to the metal plane M (in Figure 1), or even 
beyond it. The anodic rise is characteristic of all ions which ultimately react 
with the electrode, thus intrinsic adsorption may be considered as the last stage 
of equilibrium adsorption before the reaction starts. 

Such a model of the interface is consistent with the conclusions in the 
work of BOULT and THIRSK45), it would not invalidate the conclusions of 
BOCKRIS, DEV A;-';A THA='I and REDDy46), and it is again in agreement with the 
passivating action of anodic currents on streaming mercury47) wich cannot be 
understood with a model of the interface which merely extends that of Figure 
5, part A, to full coverage. (Two-dimensional links were found necessary for 
monolayer induced passivity48).) 

Of course, the model does not, as it stands, distinguish between intrinsically 
adsorbed anions and metal adatoms quantitatively. As anions penetrate into 
the first layer of metal atoms, which also carry positive charge as one plate 
of the double layer capacitor, one expects an association of this positive charge 
with definite metal atoms and hence the formation of Hg' - Cl-, or the corres-

*) U,z, at least on the anodic side, ought to be closely related to (Y·lf -91), 'f Figs. 1 and 5. 
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ponding other salts of mercury, gallium etc. 
1£ the assumption about the dielectric properties of the metal near its 

surface, as made above, is correct, then the model of Fig. 5, part C, also explains 
the negative values of capacity Cin observed over a certain region of potentials, 
viz., as negative plate separation; i. e., this is not an inductance but arises 
from the sign convention between charge and applied potential in the plate 
capacitor model. This unusual situation terminates when, e. g., definite Hg+ 
ions are formed and the double layer ceases to exist due to the formation of 
Hg2Clz as described by BOULT and THIRSK (their structure ii). 

In line with this explanation, it must be expected that to incorporate ions 
of the C10; type into the metal surface, will be much more difficult; thus the 
anodic rise begins later, if at all, during increasing anodic polarisation; and 
lOns of the type of benzene-m-disulphonate20

) should not show a rise of this 
type at all. This seems to be in agreement with literature data. 

5. Conclusions 

The dielectric theory of the double layer, here understood as the effect 
of the structure of the double layer capacitor on its measurable properties, has 
been discussed from various points of view. Dipole reorientation of the solvent 
has been found to be important for relaxation phenomena, but to contribute 

.little to the other dielectric properties of the double layer capacitor. Significant 
changes in the dielectric constant of the double layer should occur only upon 
elimination of the solvent from it; the most important variable determining 
the double layer capacity is then the distance of the adsorbed ions from the 
metal. This distance varies strongly when going toward the anodic side, first 
when ions become specifically adsorbed, then when they become intrinsically 
adsorbed (in this case the distance of 'separation' may become zero). Therefore, 
the inner layer capacity also varies strongly. 

The effect of variable orientation of permanent dipoles in the double layer 
on the total potential drop has been assessed and discussed in connexion with 
theories on the hump and anodic rise on differential capacity-potential curves; 
it is found to be minor. 
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