APPENDIX

ELECTRIC DOUBLE LAYER AND CAPACITANCE RESPONSE

A.1l. Models of the Electrical Double L ayer

A.1.1. TheHelmholtz model

In 1853 the first and simplest model of concept of the charge sepasitinterfaces was
proposed by Helmholtz [1-3], who proposed that the interface betweetadliecnelectrode
and an electrolyte solution behaves like capacitor i.e. it is capédlsitoring electric charge.

The proposed model was that the electrode possesses a charge((dﬁr)saysing from an

excess(qmnegativéor deficiency(qrn positivé of electrons at the electrode surface. The

charge on the electrode is exactly balanced in solution by ah leguappositely charged

amount of ions(qs); a rigidly held layer exists in a plane parallel to thefasgr of the

electrode and very close to it (Fig. A.1 (a) and (b)).

This charge originates from the arrangement of electrobyte at the interface and/or the
reorientation of dipoles in solvent molecules. A potential differeoceurs across the
interface, forming an electric field gradient across the gehaeparation layer. lons are
electrostatically repelled or attracted towards the mdet surface and an excess of either
anions or cations is created.

The attracted ion may approach the electrode only so far. Thexadisia limited by a
monolayer of solvent molecules, which is assumed to exist betweerorthand the
electrode. The line drawn through the centre of such ions at anammidistance from the
electrolyte surface marks the boundary known as the ‘Outer HeakmBlaine’ (OHP). The
region within this plane Helmholtz is called the electrical double layer.

However, the interface cannot be represented simply by a pglallelcapacitor, as shown
experimentally by accurate measurements of real double ¢apacitances [4]. The double
layer capacitances are not linear as a function of potergialne numerical value of the
capacity depends on potential. In addition, the electrochemical doyblecl@pacitors are
“leaky” that is, they can be self-discharged by electroat@meactions taking place across
the interface. A more appropriate model would be a capacitor arslores parallel.

Therefore, an integral capacitan&and a differential capacitand@ need to be defined:



K =9 and C= dg , Where q is the charge held by the capacitor afighis the

Ag d(Ap)
potential drop across the interface. The ionic double layer cgpaaependent not only on

the composition but also on the concentration of the electrolyte intiayter system. The

double-layer capacitance per unit area, according to Helmhslgiven as:C, :ﬁ
where ¢ is the dielectric constant ardll is the thickness of the double layer. The model does
not account for the dependence of the measured capacity on potentsdlution
concentration, although the different values found in the presence eifediffelectrolytes
could be accounted for by the variationafwith ionic radius. The Helmholtz model of the
double layer seems to be appropriate for polarizable electrodesufficiently high
concentrations of electrolyte 1 M). At lower electrolyte concentrations 0.1 M), new
features appear in the measurement of double layer capacimm@céuaction of potential
which cannot be explained by the Helmholtz model.

A.1.2. The Gouy-Chapman model

between 1910-1913 Gouy [5,6] and Chapman [7], proposed the diffuse doublentaedr

that predicted a dependence of the measured capacity on both paadtialectrolyte
concentration. They showed that the excess charge density ifosalitnot exclusively
situated at the OHP, so that the double layer may be of varfatkadss. In the their view,

a Helmholtz-type rigid double layer would not form because thacsite and repulsive
electrostatic forces between the field and the charge on thermosunteracted by random
thermal motion in solution which tends to disperse the excess ions. In this model, thre ions a

considered as point charges contained within a single ‘diffuse layer’.
The relationship between the excess surface charge defisity the metal, the differential
capacity C, of the diffuse double layer and the potenti@l, at the limit of the diffuse

double layer is shown in Equati@n 1:

q°=-/&RTc Sin ?{ZZ—F;P_IQJ =-d (A.1)

Differentiation of EquatiomA.1 with respect tog, leads to the capacitance of the diffuse

CG=zF/@ Cos h2 % (A.2)
RT oRT

layer Cy:



C

where F is the Faraday constant, c is the concentratfois the dielectric constant of the

solvent, z is the magnitude of the ionic charge, agg is the potential of the outer
Helmholtz plane.

The potentialg was identified with the potentiag, on the surface of the metal. That is, the

notion of an ‘inner layer’ of ions strongly and rigidly adsorbed on the surface okttteoele

as depicted by Helmholtz was incorrect. The model proposed by &wliChapman, (Fig.
A.2) represented substantial improvement over the Helmholtz motlehti a dependence of
the differential capacity on both potential and concentration wedighed (Equation A. 2).

In this diffuse layer, the net charge density decreases with distance &qinabe boundary.
The Gouy-Chapman model fails to explain the actual capacity-paltesurves found
experimentally for all concentrations and measured capacity muach lower than that
calculated from equation A. 2, except in very dilute solutions. Theted/&parabolas” (Fig.
A.2 (b)) occur only in very dilute solutior 0.001 M) and at potentials close to the potential
of zero charge. The capacity-potential curves were incoargttthe predicted dependence

on concentration was not observed.

A.1.3. The Stern model

A simple development of the double-layer theory was suggested by Stern in 8]92¢ &
more realistic way of describing the physical situation atiritexface. Stern [8] combined
the two previous models, with some of the ions adhering to the elec@sduggested by
Helmholtz and some forming a Gouy-Chapman type diffuse layer (Figs. AaBddp)).
Stern adapted the Gouy-Chapman model to take into account the facnth&ave finite

size, and consequently have a closest appradohthe electrode of the order of the ionic

radius. Thus the potentials are given y=¢@, < @, . Under all conditions, the interface is
assumed to be neutral i.g™= g°. Stern assumed the charggon the solution side resided
partially in a compact layeg, (the Helmholtz charge), and the remaindgrin a diffusely

region (as in the Gouy-Chapman models) in the solution gse= g, + ¢,. There are

therefore two regions of charge separation. When charges amatsdpa potential drop

results. In the Stern model, two capacitors are effectively operating rnélateg the total



Fig. A.1. (a) The Helmholtz model of the rigid ionic double layer.
(b) The potential profile of the Helmholtz model, wheggeis the potential at the
metal surface ang is the potential of the bulk solution. Reprinted from [9].

(@ (b)
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Fig. A.2. (a) The Gouy-Chapman model of the diffuse ionic double layer.
(b) The potential profile for the Gouy-Chapman model. Reprinted from [9].

(@ (b)

Fig. A.3. (a) The Stern model of the ionic structure at the interphase.
(b) The potential profile of the Stern model, whegés the potential at the outer
Helmholtz plane (OHP). Reprinted from [9].



differential capacity of the interfac€y due to the Helmholtz layer ai@@§ due to the diffuse
layer. The total capacity of the interfaCes therefore given by:

1,1 (A.3)

C G G
The two adjacent regions act like capacitors in series. Thiggrto be a significant result
since it indicates the smaller of the two capacitancesrdetes the overall capacitance. In

very low dilute solutions and close to the potential of zero chavigen q,,,¢ andg, are
relatively smallC; should dominate. Stern also recognised the effect of specifiadtiters

between ions and suggested a distinction between ions which were adsotthe&lentrode
and those which merely approached it to the distance of the ciggastach. This idea was
later developed by Grahame [10].

A.1.4. The Grahame model

In 1947, Grahame [10] proposed that, although the closest approach to thedeléest
occupied by solvent molecules, it may also be possible for someaionitcharged species
to penetrate into this region. This could come about if the ion possessed no solvaltian shel
if the solvation shell was lost when the ion came close to tog@de. lons in direct contact
were deemed to be ‘specifically adsorbed’.

This model for the electrode/electrolyte interface (Fig. A.4ppsed the existence of three

regions. First, the inner Helmholtz plane (IHP) (potengiglextends from the electrode to a

plane passing through the centres of the specifically adsadmsd Second, the outer
Helmholtz plane (OHP) passes through the centres of hydratedatiotineir distance of
closest approach to the electrode. Third, the diffuse layer i.eedgimnrthat lies beyond the
OHP. The potential at the OHP is denotedgyPotential changes linearly with distance up

to the outer Helmholtz plane and then exponentially through the diffugdediayer region.
Diffuse double layer effects decrease with increasing contiemtria solution ( equations
A.2, A.3).

A.1.5. The Bockris, Devanathan and Muller model

Clearly, in dipolar solvents, such as water, interactions exigteleet the electrode and the
dipoles of the water moleculdsurthermore, the concentration of the solvent is always much
higher than that of the solute. In the Gouy-Chapman model, the dgarsef the double
layer is similar to the ionic environment around an ion, the el@etbeing thought of as an

infinite radius. One would consequently expect to find a layeolokEat molecules attached



to the electrode surface in fixed orientation and a few moredayfesolvent in orientation
intermediate between that of the first layer and that in the -llkek arrangement
corresponding to the primary and secondary solution shells around an ion.

In 1963, Bockris, Devanathan and Muller [11] proposed a model of the dayelevhich
clearly takes into account the predominant role of the solvent ininteeface. They
suggested that reorientation of solvent molecules would occur dependirte @xdess
charges at the electrode and the presence or absencecifitalbhe adsorbed ions at the
surface. The proposed variation of the electrostatic potentialdisthnce is qualitatively
similar to that of the Grahame model. At present, this seenis tthe best model to
demonstrate the role of the solvent in the double layer. However, strébution of
electronic charges on the side of the electrode has not beenchadiifed and requires
further analysis using surface analytical techniques. Fig. Adws the effect of water
molecules according to this model. The water molecules coveraohtst electrode with an
oriented layer of water molecules. At certain sites, the watdecules are replaced by a
specifically adsorbed ion (usually an anion) that has shed itatiom shell. The plane going
through the centres of these ions is defined as the inner Helnptenitz. lons that carry a
primary hydration shell are found next and are situated outsidérshdayer of water
molecules adsorbed on the electrode surface. The plane going thineugbntres of these
ions constitutes the outer Helmholtz plane. For contact adsorption afnato occur,
chemical work must be done in order to rid the ion of its primarydtimr sheath and to
remove one or more of the surface water molecules at theoelegurface. The final state is
then stabilised by the specific interactions between the ion arslitfeee. These effects are
absent for ions adsorbed in the outer Helmholtz plane where intexciire mainly
electrostatic in origin.

A.2. Capacitance

An electrode-solution interface is analogous to a capacitor caudpastwo metal sheets
separated by a dielectric material (Fig. A.6 (a), whose betiavs represented by the
following equation:C =q/ E where C is the capacitance in Farads, q is the charge in
Coulombs and E is the potential across the capacitor in volts. Wpetertial is applied
across a capacitor, charge accumulates on its metal plateshentihargeq satisfies the
equationC = q/ E. During this charging process, no current will flow. The chargehen t
capacitor arises as a result of an excess of electrons on ateeapld a deficiency of
electrons on the other plate (Fig. A.6 (b). The electrode-solutierface behaves as a leaky

capacitor.
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(a) The Grahame model indicating the specific adsorption of ions within

Fig. A.4.

at the inner Helmholtz plane (IHP). Reprinted from [9].

the IHP and hydrated ions at the OHP.
(b) The potential profile of the Grahame model, wh@rie the potential
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Fig. A.5. The model of Bockris, Devanathan and Muller. Reprinted from [9].
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Fig. A.6. (a) a capacitor (b) charging a capacitor with a battery.

(c) The metal-solution interface as a capacitor with a charge on tiaé fet(1)
negative and2) positive. Reprinted from [4].



At a given potential there will exist a charge on the mém:ltde,qM , and a charge in the
solution, > (A.6 (C)).

Whether or not the charge on the metal is negative or positiver@gpect to the solution

depends on the potential across the interface and the compositionsofutien. However,

at all timesg" =-¢°. The charge on the metal" represents an excess or deficiency of
electrons and resides in a very thin layer on the metal. The dnasglitionsg®is made up

of an excess of cations or anions in the vicinity of the electnadace. The chargeg" and
g®are often divided by the electrode area and denoted as changitiede o,

o" =qg" / A, having the units ofxC cm?.

The entire arrangement of charged species and oriented dipmsi@sgeat the metal-solution

interface is called “the electrical double layer”. At a jatar potential the electrode-

solution interface is characterised by a double-layer capaeit&€, , which has values in the

range of 10 to 4QuF/cnt. Unlike real capacitors, whose capacitances are independent of the

voltage across thenC, is often a function of potential. The capacitance of an interfac

characterises its ability to store charge in response taregehin potential. One definition is

based on the small change in charge density that results frorallaasteration in potential.
The differential capacitanceC,, is given by COl =(00" /0E), i.e. by the slope of
oMvs E at any point (Fig. A.7 (a)). Sinc@CI is not constant with E (see Fig. A.7 (b)) for
some experimental examples) its variation leads to the conceptegfal capacitanceC,

defined as the ratio of the total charge densﬂ\{} at potential E to the total potential

difference leading to the accumulation of charge, that G§;:JM I(E- E;) where

E, denotes the potential of zero charge (PZC), &nds related toC,via the equation:

E E
C = J' G, dE j dE. ThusC, is an average OCd over the potential range frork, to E.

EZ EZ
The differential capacitance is a useful parameter sinde firecisely measurable by

impedance techniques [4].
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Fig. A.7. (a) Schematic plot of charge densugrsuspotential illustrating the

definitions of the integral and differential capacitancies.

(b) Charge density on the electrogersuspotential for mercury
immersed in 1 M solutions of the indicated electrolytes a25
The potentials are plotted with respect to the PZC for each
electrolyte. Reprinted from [4].



According to the Helmholtz modeC, should be a constant, however, in real systems this is

not the case. Fig. (A.8 (aghows a dramatic illustration for interfaces between merauly a

sodium fluoride solutions of various concentratio®. varies with both potential and

concentration [10]. According to the Gouy-Chapman model, as theaogledbecomes more
highly charged, the diffuse layer should become more compactCastiould increase.
Likewise when the concentration of the electrolyte increasesniarscompression of the
diffuse layer should occur, producing a consequent increase inteapac These qualitative
trends are actually represented in the data of Fig. A.8 Tlag¢ predicted differential

capacitance from the Gouy-Chapman theory is shown in Fig. A.8lfbo)s, C, varies with
potential, and there is a minimum PZC.

The predicted "\shaped" capacitance function resembles the observed behaviour ofymercur
in NaF at low concentrations and at potentials (near to the FEZELA(8 (a). However, real
interfaces display a flattening in capacitance at moremerpotentials, and the valley (“V-
shape”) at the PZC disappears altogether at high electcdpieentrations. Also, the actual
capacitance is normally much lower than the predicted value.

In a real system, according to the Gouy-Chapman-Stern (G@8gImthe capacitance

consists of two components can be expressed—%s.:i+—1 (see Fig. A.9 (a)vhere
d H

C, is the capacitance of the charges held at the OHRCgnid the capacitance of the truly
diffuse chargeC,, is independent of potential b@, is potential dependent. The composite
capacitance,C, shows a complex behaviour and is governed by the smaller of the tw
components. Near the PZC in systems with low electrolyte caatent the V-shaped
function characteristic o€, is expected. At large concentratioBgbecomes so large that it

is no longer contributes t6, and one sees only the constant capacitanc®,a observed

Fig. A.9 (c)) shows a schematic representation of this behawotitis model there are still
discrepancies in that, is not truly independent of potential. Various methods can be used
to measure the double layer capacity. The impedance technidwersost common, and is
applicable to most types of electrode, solid or liquid. The electitamgpmeasurement

method is only applicable to liquid electrodes (for example, mercury) [12].
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