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SUMMARY

The electrochemical investigalion of the meTal electrode/electrolyte

solution inlerface has been largely centred around lhe use of the I iquid

mercury electrode. The proliferalion of investigalions using solid metal

eleclrodes was retarded until the lasl decade by problems associated with

lhe preparalion of clean, snpolh, wel l-def ined electrode surfaces- These

problems have been discussed in the fexl'

lnvestigations of hydrogen atom adsorption using cycl îc voltammetry,

thal I ium diffusion using chronopotenliomelry, and double layer capacitance

measurements using Single Current Pulse and A.C. lmpedance methods have

been made using sol id metal electrodes.

The tracer d îf f usion coef f icient of thal I'ium( l) has been measured

in high concenlrations of background electrolyte in solvent mixtures

ranging from pure waler lo pure NMF.. The lracer diffusion coefficient

of thalliumil) in O.3O0M KNO3 was found to decrease from 1.BBx 1O-5.^2/t

lo 0.506x 10-5.^2/t as lhe NMF solvent mole f raclion was increased f rom

0 to 1.000.

The lechniques and results of -lhe Single Currenl Melhod and lhe

A.C. lmpedance Method in measuring the capacitance of the solid eleclrode/

electrolyle solution interface are reporled. The lechniques were found lo

give dif feren1 resulls. The validity of lhe equivalent analogue circuils

used to extrac-f interfacial capacitance and resislance values is discussed.

The resulls of the measurement of the double layer capacitancé of

the sol id electrode/aqueous eleclrolyle solution interface are present-

ed for polycrystal I ine platînum and si lver electrodes. The frequency
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dispersion, hysleresis, and lime dependence of measurements are dis-

cussed. The capacitance measurements were extended from aqueous sys-

tems to lhe sol id electrode/NMF electrolyte solulion inlerface. Measure-

menls were made for the NaNOr+NMF system using plalinum and silver elec-

trodes. The problems involved in using capacitance measurements to deler-

mîne NMF adsorbance coverage on solid metal electrodes).1 discussed.
ßrl-Y

As a preliminary slep prior to the attempl lo use caPacitance

measurements as a means of obtaining NMF adsorbance coverage dala,

a nitrale ion, selective electrode was developed, and ils response to

NaNO, in waler and NMF recorded. The novel nilrale ion selec-live elec-

trode,presented here is of a solid state type, and differs from the

conven-fional liquîd ion exchanger based nitra-le íon selective electrode

in that il possesses no I iquid'ion exchanger or membrane diaphragm'

The nitrate ion seleclive electrode coupled with a sodium ion glass

electrode was used lo determine lhe concentration of NaNO, required

fo mainlain constant eleclrolyle activity for solvents of various

NMF+HrO composilions. The concentralion of NaNO, required lo main-

tain the same electrolyte activi-ly as O. i00M NaNO, in Pure water was

found -lo decrease wilh increasing mole frac-fion of Nlt4F, to a value of

-A5x 10 -M NaNO, in Pure NMF.
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1.1

A REVIEI,I OF THE SOLID I'IETAL ELECTRODE/ELECTROLYTE SOLUTION INTERFACE

The phenomena connecled with the double layer formed al the

interface belween a metal electrode and an elecTrolyfe solution have

been exlensively revi"*"d.1-5 The most commonly accepted slruclure of

the inlerface formed between a melal eleclrode and an eleclrolyte solu-

lion is thal original ly suggested Uy Gouy6 and Chapman,T und later

modified by Stern.S The interface is considered to consist of an

outer or diffuse layer, and an inner or compacl layer. The lwo

layers are separaled by the ouler Helmholtz plane, which convention-

ally defines the plane of closest approach of the cenlres of solvated

ions held in averaged positions by the balance between diffusive

forces and the eleclric field in lhe region. The inner or compact

layer is thought to be a reasonably close-packed monolayer, containing

solvent molecules and, in the case of specifii ion adsorption, contain-

ing ions directly adsorbed on to lhe melal surface'

The separation of the double layer inlo the inner and diffuse

regions came largely from the work of Slern,S brt was widely accepted

fo I I ow i ng the work of Grahamel '9 us i ng mercury e I ectrodes. Grahame

suggested thal, assuming Slernrs model, lhe tolal capacilance, C, of

the melal electrode/electrolyte solution interface could be thoughl of

as being due lo the serîes combination of the separate conÌributions

of lhe inner layer capacilance, C,, and the diffuse layer capacitance,

Cd, so thal

+1/C = 1/C 1/c
d
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further showed that the contribution to the capaci-

tance made by the diffuse layer could be calculated from

219.46(q + 1 37.8c )

where q is the charge on the electrode surface, and c is lhe molar

concentration of a 1:'l electroly-le in water. The equation predicting

lhe diffuse layer capacitance reveals that CO wil I only contribute fo

the measured capacitance, C, for low values of lhe electrode charge

and the electrolyte concentration. The potential of the capacitance

minimum found in dilute electrolyte solutions was thus equated wÎth

the influence of the diffuse layer capacitance at the potential of

zero electrode charge. This was confirmed using mercury electrodes

f rom the coincidence of lhe capacilance minimu,m with the electro-

capil lary maximum. The use of lhe caPacitance minimum as a means

of determining the potential of zero charge is ver-y common in sludÎes

using sol id electrodes. This is clearly revealed in a recenl review

by Hamelin et ul.ll

The inner layer capacitance, C,, was thoullhl of as being in-

dependenl of lhe electrode charge and electroly-le concentration for

a given system. parsons and zobell2 rrgg"=ted lhal a plol of 1/c

against 1/CO at constanl charge should, in the absence of specific

ion adsorplion, yield a straight line of unit slope to reveal thaf

C. was constanf. Devialion of the Parsons-Zobel slopes from unily
I

was interpretted as being due to specifÍc ion adsorplion or surface

roughness of sol id electrodes. 1 1-16

I

2
co
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1l
Recentl y, Kornyshev and Vorotynfsev gave forma I approva I of

Grahamefs paramelrîzation of experimental dala. ln their reconsider-

ation of lhe compacl layer treatmenl, they were also able to forward

reasons for the experimenlal ly found dependence of the compact layer

capacitance on the nature of lhe electrode and solven-|.

The apparenl success of lhe separation of the double layer inlo

inner and diffuse layer contributions led many to publ ish results

showing dependence of the inner layer capacitance, C,, upon electrode

charge, lemperature and electrode type.13'14'18-24 Experimental ly ¡f

was found that the inner layer capacÎtance-charge curve displayed a

m¿¡xÌmum. This maximum, which showed up as a hump in total capacitance

plotted against eilher charge or polential, has been in-lerpretled as

due 1o specif ic ion adsorption.25-29 lt is wi'dely accepted now lhat

this feature is rather related to solvent re-orientation occurring at

fhe electrode surface.23'3O A number of rnolecular theories based on

statistical approaches have been proposed by many *ork"rt24'31 to des-

cribe the solvenl properties of -lhe metal electrode/eleclrolyle solu-

tion inlerface.

Allhough the treatmenl of the double layer in lerms of an inner

layer and a dÌffuse layer has proved successful, such a treatmenl has

not been wÌlhout criticism.

Recentry, Henderson "l ul31 commented that such a trealment,

allhough useful, was unsatisfactory because of its inconsistent treat-

ment of the solvent. Cooper and Ha..¡=on33-39 huu" b""n long-term

critics of such a trealment, strongly expressing their opposition to
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the treatr"nt o+ tn" inner layer as a separate physical entily. These

authors have recently proposed a new theory, -laking into account ion-

ion repulsions in a direction parallel lo the electrode surface, which

they believe is a more realistic theoretical model.38'39 Schmi.kler40

has criticised lhe lrealment of the metal as a perfeclly conducting

medium. ln his treafmenf of this problem, Schmickler combined a

simple quantum-mechanical model of a metal surface wilh a dipole

model for the solvent with some success.

The Gouy-Chapman-Slern (GCS) model has been used extensively to

inlerpret data obtained for the mercury electrode/electrolyte solufion

interface. The apparent success of fhe model for the mercury electrode

resulted in it also becoming the model used lo describe the interfacial

region for other metal electrodes. Most metal'eleclrodes, however, are

solid, and present a non-homogeneous surface lo the electrolyte solution.

The appropriateness of lhe GCS model in the case where the metal electrode

surface is heterogeneous has, with few exceptions, been ignored .14'41

ln the lasl decade many researchers have altempted to use solid

electrodes having wel l-defined homogeneous surfaces by using electrodes

formed from single cryslals. Hamelin et alll have reèently reviewed

double layer capacilance investigalions using sp metal single cryslals.

They found lhat the crystal lographic slructure of the melal surface

strongly influenced the capacilance-potenlial curves oblained, and

suggesled that any crystal lographic anisotropy would make quanlitalive

data analysis difficull. ll was recognízed, however, that problems

slill remained in obtaining solid surfaces wllh a well-def ined crystal-

lographic orientalion. Among the problems discussed were edge effecls,
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surface defects, and lack of precision of cryslal lographic orientation.

ln another article looking at problems encountered in tryíng to obtain

wel l-defined solid surfa..t,42 lhe preparation of the surface was shown

to be important in reducing crystal lographic anisotropy.

The interpretalion of lhe behaviour of heterogeneous surfaces has

been looked al as the composite behaviour of indÍvidual single-crystal

faces. Valelte and Hamel in14 constructed a capacilance-polential curve

for polycryslal I ine si lver from their experimenfal data obtained with

low-indexed si lver single-cryslal electrodes. The shape and potential

of lhe capacitance minimum was reporled to be in good agreemenf wilh

experimental results. Damaskin and co-workerr4f p.oposed two models

to describe the polycrystal I ine metal electrode/electrolyle solution

i nlerface. Larkî n el u I 
44 

=uggesled thal the 'behav iour of pol ycrysta I -

line silver in dilule aqueous NaF was nol inconsistent with one of lhe

modesl proposed by Damaskin et al. Larkin45 frrlher reported the re-

sults of the interfacial behaviour predicted from compuler simulated

models of -lhe polycrystalline silver elecfrode surface using the

Damaski n model s.

An important finding from Larkinfs lreatment was lhal one of

Damaskinrs model s predicls lhe development of a capacitance minimum

in -lhe capacitance-potenlial curves al a potential that was not neces-

sarily coincidenl with the condif ion of zero charge al the polycrystal-

I ine electrode/electrolyte solulion interface.
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Obviously, furlher high qual ity capacitance measurements using

bolh single-crystal and polycrystalline electrodes are required -lo

provide a basis for furlher -lesting and modificaTion of the current

theories concerning the sol id metal electrode/eleclrolyte solulion

i nferface.
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2.1

INTRODUCTION

Chronopolentiometry is Ìhe study of the variation of lhe potential

of an electrode wilh lime, during the passage of a constant electrolysís

currenl. The lechnique has been extensively reviewed elsewhere. l-9

10
The earliest recorded use of the method was by Weber in 1819 and

Sand.in 1901.11 The work of Gierst and Juliardl2 Îs acknowledged by

many as being responsible for exposing lhe practical potential ilies of

chronopotentiometry. Delahay and Mamantov2 optÎmistical ly envisaged

chronopotentiomelry as an analytical method that could replace conven-

lional polarography. The predic-led exaltation of chronopotenliometry

as a versati le analytical technique never evenluated, however, because

of inherent di sadvantages.

one major selback to a wider applicalion of the technique has

been lhe failure to simply determine an unambiguous transilion time

for a given chronopotentiogram. Various graphical methods have been

used fo determine the transition lime, bul the methods themselves have

little, or no, justif icatÌon. Bos and Van Dalenl3 huu" compared the

graphical melhods used to determine the lransilion lime by Delahay and

Mamantov ,' 
^"inmuth 

,to o. vries ,"'16 and Laity and l"1clntyr".17 Such

methods, whether justified or not, al I suffer from cumbersomeness.

FisherlB und Currî"19 uuoîded the unnecessary graphical analysis

by selecting the end-point of a chronopotenliogram to be the point of

maximum change in potential in lhe region of electroactive ion deple-

tion. The time taken for the polential of the electrode to change

from Ìts inilial polential to the end-poinl potential was accurately
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measured usi ng a digital fimer and comparator. This uncorrecTed lime

was regarded by Fisher and Currie as the lransition time. The use of

this method requi red the pre-delerminatÎon of the end-point potential

f rom a previous chronopotenliogram.

ln This work, the author improved upon the reliability of the

lechniques of Firh".iB und curri"19 ¡y delermining the end-point

potential and transition time simultaneously from each chronopo-len-

tiogram. The simultaneous determination was achieved using a transient

recorder coupled to an on-l ine compuler.

Classical cathodic chronopolentiometry r equi res that the principal

means of mass transport in the region of the cathode is via diffusion.

This means the elimination of mass transfer due lo convection and

migration.

Mîgration is the movement of charged species in the presence of

an electric f ield, and can be effectively eliminafed by swamping the

solution with some chemically inert and eleclroinactive ionic species

termed the supporlÎng electrolyte. The inert ions of the supporting

electrolyte, being in a large excess, acl as the major charge carriers

in the solution during eleclrolysis.20 To minimÎze migration effects,

lhe aulhor mainlained a value of 1OO for the ralio of the concentra-

tions of the supporling electrolyte and the electroactÎve species.

Convection is commonly caused by mechanical vibrations affecting

the cell and movement of the solution due to density or temperalure

gradients. These effects were minimized in this study by: special
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mounling of the cel I to reduce vibration effects; orientation of

electrodes such that diffusion occurred upwards, as suggested by

21
Bard;'' and maintaining the cel I at a consfant temperature using

a wa-ler jackel through which water was pumped from a large volume,

conslanl temperature, water bath. The results presenled here were

carried out at a constant temperature oÍ 25.001 .05oC.

Under condiTions where mass lransfer due to convecfion and migra-

tion has been eliminated, semi-inf inite linear dif f usion is approxi-

mated in the case of diffusion of a species to a planar eleclrode

immersed in a large amounl of solution. Under conditions of semi-

infinile I inear diffusion, diffusion of an eleclroactive species wi I I

be in accordance w¡lh Fickts law of diffus ion22

tll

where DO is the tracer diffusion coefficienl of the reactanf species,

and C is the concentration of the reducible species as a function of

time, t, and distance from the calhode,-X.

lnlegration of equation Il] with the appropriate boundary condi-

tions was shown by Paunovicl to yield the equalion attribuled to Sand

I

2 A/2 12)

ac
ã- Do

a2c

-;ax'

nFC D T
0

where n is the number of electrons

the cathode surface area.

involved in the reduction, and A is

Sand11 o.iginal ly derived equation [2] showing how the transition

time, T, was relaled to the electrolysis currenl, i, lhe bulk concen-

tration, CO, and lhe diffusion coefficienl, DO, of the electroactive

IT 22

0
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spec¡es. The Sand equafion predicls lhat the product ¡tå should be

constanf for a given bulk concentration of electroaclive species, and

be independent of both the eleclrolysis current and the lransition

t ime.

A number of researchers uti I izing lhe Sand equation have used

chronopotentiometry to determine a value of irl for particular systems.

Due to poor experimental techniques, uncerfainites of 1%,2%, or even

greater have been assocíated with the delermined value of iT+.24'25

ln the work presented here, it has been shown by the author lhat values
I

of i'rà can be determined with an uncertainty of less than O.1% for an

individual solution.

A systematic deviation of it' from conståncy was recognized by

11
Bardt' who attempted to correct for the i nconslancy of the chrono-

polentiometric constant i¡L/C. Bard alîempted to account for the

inconstancy of the chronopotentiometric constanl by faking into

accounl the effect of double layer charging, electrode oxidalion,

and adsorption .21 '23 Bard modif ied the Sand equation by introducing

a correction f actor, B, so lhat the mcrdif ied Sand equation became

r t1 -lità = nFC^D^znz A/2 + Br-2 t¡]' UU

Bard claimed that his trealmenl was only approximate because it

assumed thal the charging of lhe double layer occurred conslantly dur-

ing the eleclrolysis, whereas this would not be the case in reality.Zl

ln practice, however, the aulhor found thal equation [3] model led

what happened very accurately. For lhe reduction of thallium (l) in
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an eleclrolyte solution at a plalinum working electrode, the tracer

diffusion coefficient, DO, was calculated from the intercept of a plot
tl

of i'rz againsT t-2. The slope of such a plol corresponds to an amount

of charge, Q. So as not to confuse this slope with the B correction

and interpretation of Bard, lhe modified sand equatîon was used by the

author with Q rep lacing the B of equalion [3].

Tracer diffusion coefficients were determined for thal I ium ( I ) by

the author at 25"C for aqueous solulions containing NaCl0O, KN03, LiN03,

and NaNO, as the supporTing electrolyte, and for mixed HrO+ NMF solvents

using KNO, as lhe supporting electrolyle. The tracer diffusion co-

efficient for thallium (l) was found lo decrease with increasing sol-

vent NMF mole f raction, f rom |.BB x I o-5 . 2/t in pure water to a minimum

of 0.506 x 1o-5 c 2/= in Pure NMF-

The aut,hor used va lues.of ¡ti extrapolated to t-å = O to tesl the

Sand equation. The predicled I inear behaviour of ittr/C wilh the geo-

metric surface area was observed, implying thal the effective elec-lrode

surface area was lhe same as its geomelric surface area. This result

was shown to be in agreement with the diffusion layer lhicl^lness being

much greater than the profi le of the eleclrode surface uneveness.
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EXPE RIMENTAL

ELECTRONIC EOUIPMENT

The elecfronic equipment used in these chronopotentiometric

studies is schematical ly i I lustrated in Figure 1. The use of each

component element is summarised below.

1. Galvanostat

A constant eleclrolysis currenf was provided by a galvanostat

(see Appendix 1). The current was manual ly set in the range 1-5,000

UA. The galvanostat has an in-bui lt automalic current stop and revers-

ing sequence lhat can be acfivated either manually or when a preset

potential was reached during eleclrolysis.

2. Voltmeter and Known Resistance

The electrolysis currenl was detenmined using the Ohmts Law

relalionship by using a voltmeter lo measure lhe potential drop across

an accurately known resistance. A resistor of 1,000.OCIt 0.05% was

used .

3. Variable DummY Resistance

The electrolysis current was passed through a dummy cel I resist-

ance when eleclrolysis of the solulion was nol requi red. The dummy

cell resistance was adjusled to a value comparable to the solution

resistance belween the counter and working electrodes so as to ensure

the avoidance of a rapid current change upon switching lhe currenl

f rom the dummy cell to the electrolysis cell. The switching of the

current from the dummy cell to the electrolysis cell was effected by

a single bullon press.
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4. Digital Vollmeter

The potenlial difference belween the reference and working

electrodes was monilored using a high inpu-f împedance Solartron

4210 digital voltmeter.

5. Cathode Ray Oscil loscope (C.R.0' )

The chronopotentiograms were observed using a Tektronix 434

storage calhode ray osci I loscope.

6. Timer and ComParalor

A digital timer coupled lo a comparator was used to accurately

measure the duration of eleclrolysis. The comparalor inifiated the

timer when the current was first switched to lhe electrolysis cell,

and then stopped lhe tinrer at lhe point of cui-rent reversal.

7. Transient Recorder and Compuler

The potential-time response of the elecfrolysis cel I to lhe

appl ied constant current was slored in a Data Lab DL905 Transienf

Recorder interfaced to a Hewlelt Packard H.P.85 computer' The slored

dala was manipulated via the H.P.85 computer using an adapled Hewlett

Packa rd sp I i ne f unct i on p rog ramme .

ELECTROLYSIS CELLS

The elecfrolysis cell, depicled in Figure 2, has two main sections'

The lower part, made of Pyrex glass, consisls of a simple outer

jackel thal is joined by silicone rubber to the flat broad rim of an



F'laf broad rim

S i I icone rubber sea I

Water inlet

Water ouflet

Outer cel I

I nner cel I

Drawn to sca I e

Figure 2. Cut-away view of electrolysis cel I (lower part only).
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inner cell. The outer jackel wilh inlet and oullel portals served as

the water jacket lhat maintained the cel I al a constanf temperalure as

set by a water bath. The waler bath was maintained at 25.001.05oC.

Bolh inner and outer jackets had flat optic glass discs set into their

bases so that the electrodes within lhe cell could be clearly visible

using a mirror/light system positioned below the cel l, as depicfed in

Figure 3.

The upper section was a top lhat served as the lid to the lower

section. The top had a broad rim thal was fitted on to the rim of the

lower section, and was held in place using either clamps or three springs

that were screwed into lhe side of the top and fixed on lo the clamp

holding lhe electrolysis cell. The middle portion of the lop contained

a number of tapered sockets machined to lake ètandard Quickfit male

cones. The sockels were of the appropriate number and size to accomo-

date the working, reference _and counter electrodes, 9ôs bubbler, gas

outlet, and a J-shaped lube for f lushing.

Another eleclrolysis cel I that was also used is depicted in

Figure 4. This cell allowed the optional use of a side arm inserled

luggin capillary. lt also consisled of an upper and lower section.

The upper section vras a machined Teflon top that filled on to the

lower seclion, and was held in place using three springs. The middle

porlion of the top conlained a suitable number and lype of sockets

machined to accepl slandard Quickfit cones. These sockefs held lhe

working, counter and auxi I lary eleclrodes, gas bubbler, gas outlel,

and a J-shaped tube for flushing.



0bj ect
to be

v i ewed

- Observer
Half mirror

Light beam source N4 i rror

Figure 3. l4irror/ I ight source arrangement for observation of underside
of an object.
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to enab I e
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luggin c il lary

Water oullef

Outer wa I I

lnner wal I

Optical glass plates
Drawn fo sca I e

Water inlet

Figure 4. Cut-away vlew of electrolysis cel I (lower part only).
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The lower section was an all Pyrex glass, double-walled cell.

The space between the inner and ou-ler walls served as lhe water jacket'

while the region within the inner wall served to hold the eleclrolyte

solution. provision was made for the use of a side projecting luggin

capi I lary through the side Quickfit cone'

ThefinelippedluggincapillaryisdepictedinFigure5.The

upper side arm enabled the luggin capi I lary to be flushed with gas'

when the luggin capillary was sloppered, the gas pressure forced the

solulion out of the capillary inlo the bulk of the solution, and allow-

ed the gas to be bubbled through the solution. when the electrolyte

solution was de-oxygenated, the de-oxygenafing gas was then passed

continuously over the solution surface via the gas bubbler depicted

in Figure 6. The electrolyte solution would Then seep inlo the luggin

capillary, and enable electrical contact to be made through the solu-

tion wilh the reference electrode held in the vertical section of the

luggin capi I larY.

VIBRATION PROOFING

It was necessary lo insulate the eleclrolysis cel I from vibration

sources I ikely lo cause undesirable mass transfer effects' This was

achieved by supporting the eleclrolysis cell on a brass rin9, and also

by clamping the cell f irmly around ils girfh. Bolh the ring and girth

clamp were clamped on lo a solid rod fixed into a metal cage that en-

closed the cell, and was f irmly bolTed on to a 5 cm thick slate slab'

The whole assembly rested on rubber bushes on a slurdy metal table'

The melal cage also doubled as a Faraday cage, cutting down on signal

noise due to electronic Pick-uP.



819 or 814 Quîckf it socket--->

Side arm

Drawn to sca I e

Figure 5. Luggin capillary.



810 Quickfil cone

87 Quickfil cone
for connection
to gas supply

Two-way Teflon tap

Drawn lo sca I e

Fìgure 6. Gas bubbler.
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The pump used -lo circulale waler from the waler bath through the

cel I waler jacket was found to be a source of vibra-fion that could

cause a lengthening of lhe electrolysis time by more than 10f". This

effecf was avoided by lhe development of a technique that al lowed for

lhe non-circulation of water through lhe water jacket when the electro-

lysis currenl wôs appl ied to the electrolysis cel l. Such a technique

is described later.

ELECTRODES

A slandard lhree electrode sys-lem was used for chronopotenlio-

metric measuremenls. The electrodes were fitted inlo their appropriale

posilions in the electrolysis cell such lhat the reference eleclrode

was belween the working and counter eleclrodes.

The counter eleclrode consisted of a large horizontal platinum

disc joined to a connecting platinum wire sealed into a soda glass

shealh. The plalinum disc could be placed directly below the working

elec-lrode, or olherwise by rotating it f rom lhe -lop. The posilion of

the disc, whelher directly below the working electrode or o-lherwise,

made no difference to the chronopotentiogram.

T rence electrode was a platinum wire sealed inlo a J-shaped

glass sheath of such dimensions as lo bring its tip near lo lhe working

eleclrode. The closeness of the reference electrode was nol crÎlical

but, for consis-lency, once posi-fioned, wôs left in lhat position for

al I measuremenls in lhe same solulion.
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A simple unshielded planar working eleclrode is depicted in

Figure 7. A high purity platinum cylinder or gold foi I was soldered

on to a brass contac-l rod, and masked wilh a teflon shealh so as to

present a horizontal planar platinum or gold surface to lhe solution,

respeclively.

Anolher unshielded working electrode, depic-led in Figure B, was

símply a vertically orienlated platinum disc attached lo a platínum

wire which was enclosed in a soda glass shealh'

The development of a suitable shielded working elec-lrode required

much trial and efforl. Preference was given to lhe development of an

electrode that would allow ease of polishing of the melal surface, and

lend i-lself to a simple procedure allowing f lushing of the solulion

wi-lhin lhe electrode shielding. A major problem that plagued early

al-lempts was the atlainment.of a leak-proof seal between lhe metal

electrode surface and lhe plas-fic material of the electrode shielding.

The working eleclrode that was f inally developed; depicted in

Figure 9, was an adapled version of lhe collrel I cel I used by lkeuchÎ

"ï ul .21 The working e lec-lrode surf ace was p late maleria I lin so ldered

on to brass stubs of such dimensions as -io facili-late easy use in elec-

tronmicroscopystudies. The slubs also made mechanical polishing of the

melal p la-le a simP ler Procedure.

Leak-proof seal ing of lhe electrode slub/electrode casing contact

was achieved by compressing the electrode stub on to a machined cel I

piece supported in a Kel-F holder. A suitab le, feProducible pressure



Brass,rod

Holding screw

834 QuickfÍt Teflon cone

Tef lon shealh

Brass rod

Platinum or gold cyl inder
Drawn to sca I e

Figure 7. Cut-away view of Tef lon-encased working eleclrode.



Plalinum wire

Screw cap

810 QuickfiT cone

G I ass sheath

Platinum disc

Fìgure B. Platinum disc electrode
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E I ectrode stub

CeI I piece
t0t-ring

Figure 9. Cut-away view of Cottrel I Cel I electrode.

Drawn Ìo sca I e
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was achieved using a spacer -lhal I imited lhe maximum compressional

pressure. A mushroom shaped cel I piece wilh a knife-edge contact was

found to give a much better seal lhan a flat broad conlacting cell

piece. Corning Machinable Glass was found lo be too hard as cell

piece material, Teflon was known to be too soft,2J ,ur Kel-F and

perspex proved to be most suitable, enabling a good seal with sofl

metals such as gold and platinum. Kel-F was favoured as the cell

piece malerial because of its superior resistance to altack by acid

and organic solvenls.

The diffusion cavi-ly of the cel I pÎece was simply flushed using a

J-shaped Pyrex glass tube with a suitable nozzle that allowed access in-

lo lhe cavity up to the electrode surface. The diffusion cavity was a

good trap for gas bubbles which, unless removed using the J-shaped tube,

caused anomo I ous chronopolenl iograms.

A light source and mirrors were set up, as depicted in Figure 3,

so lhat lhe observer could detect the presence of even minute gas bub-

bles within, or near lo, the diffusÎon cavity. The technique was very

sensitive to the presence of gas bubbles because of lhe high reflect-

ance of the mirror-finished polished electrode stubs. The lighl beam

was cul off, and used only as deemed necessary, since the beam intens-

ity could effect undesirable local ised hot spofs, and the chronopoten-

tiogram ilself revealed any gas bubble problems to the experienced ob-

server.

Al I working eleclrode surfaces, excepting the vertical ly oriented

disc eleclrode, were polished fo a mirror finish using conventional
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mechanical lap pol ishÎng techniques, using diamond or alumÎna paste.

The eleclrode surfaces were then cleaned and e-lched for 30 seconds in

aqua regia, prior -lo f urther cleaning preparalion.

The apparent surface area of lhe shielded working eleclrode was

taken to be thal exposed by the cel I piece, and hence deÌerminable

from the inner diameter of lhe cel I piece. The inner diameter of

the cell piece was measured at the contacting edge using t"lilutoyo

Smal I Hole Gages and a Mitutoyo Micrometer, readab le to 0.01 mm.

CLEANING PROCEDT-RE

All glassware and Teflon or Kel-F components were rinsed in de-

ionised water, and then soaked in acid cleaniirg solution. The material

was then rinsed, and soaked in pure wafer. The lower section of fhe

electrolysis cell depicfed in Figure 2 was f inally inverted over clean

filfer paper, and allowed lo drain dry. All olher glassware was oven

dried. The Tef lon and Kel-F components were allowed lo air dry on

clean Whatman No.5 fi ller PôPer.

lnilially pure dichromic acid was used as the cleaning solulion.

After lhis had been used for many months il was subsequently replaced

with pure sulphuric acid, and then pure nitric acid. Dichromic acid

was replaced as the cleaning medium because of lhe possib¡ lily of

dichromale contamination of lhe material soaked in it, though lhis

was never -lested and proved by the author.

The counler and reference electrodes, previously described, were
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soaked in acíd cleaning solufion, rinsed, and then allowed to soak in

pure water unli I required.

The final stage of preparing the working electrode was to soak il

for 2 minutes in acid cleanîng solution, thoroughly rinse ¡t in pure

Water, and then allow il lo stand in pure wafer until required. From

the acid cleaning stage to its positioning in the eleclrolysis cell,

lhe working eleclrode metal surface *us X"pt covered by solution so

that no direct contact was made by it with the atmosphere.

CI-EMICALS

Tha I lous Nilrale (T I NOr) :

Ultrapure Analylical reagent was used wiThout further purification

L¡th¡um Nitrate (LiNOr) :

B.D.H. Laboralory reagent was used. Water was removed by vacuum

oven dry ¡ ng.

Polassium Nitrale (KNO,) :

B.D.H. Analytical reagenl was used-

Sod i um N i trale (NaNOr) :

B.D.H. Analytical reagenl was used.

Sodi um Perch lorale (NaCl0
4

B.D.H. Analytical reagenl was used.
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Water (HrO):

lnilially doubly-distilled charcoal f iltered deionised wafer v'/as

used. The final distíllalion was from alkaline permangante solu-

tion.

The charcoal filtering stage was then replaced by an in-line O'22

pm Mi I I istak-GS f i lter.

The final series of experiments used M¡l li-Q water of >1BMQ/cm2

resisÌance with a f inal slage 0.22pn Millipore f ilter.

N-methy I formami de (NMF):

NMF was prepared ín a manner similar to îha-f described previously.28'29

Fluka purum n-methlylformamide was dried over 4 Å motecular sieves and

purified by a two-fold disti I lation under reduced Pressure.

SOLUTION¡ PREPARATION

All solutions vrere quantitatively prepared f rom the solid salts.

The salts were dissolved in -lhe solvent of interest, and made up volu-

metrical ly to the desired concenlrations'

The solution to be invesligated was initial ly flushed in the

electrolysis cel I with a de-oxygenating gas for about one hour' Either

high purity hydrogen or argon was used, and was passed en roule through

a vanadyl oxygen scrubbing systrm.30 The gas was passed into the elec-

lrolysis cell via the gas bubbler, depic-led in Figure ó, which had a

two-way lap enabling lhe gas to be continuously passed either through

the solution or over its surface, as desired'
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The J-shaped lube, clepicfed in Figure 10, was used to ensure

proper mixing of lhe solution. lt was also used to remove trouble-

some gas bubbles lhal were I ikely to affect the chronopolentiogram.

TECHNIQI-E FOR OBTAIT'¡ING A CHRONOPOTENTIOGRAM

Chronopotentiograms were found to be affected by lhe natural

potential of the yrork¡ng eleclrode, and by the vibrations from waler

circulaled lhrough the electrolysis cel I water jackel. Techniques in

obtaining chronopolentiograms were devised to yield consis-lently simi-

lar initial electrode potenlials, and lo reduce the vibration effect

of lhe ci rcu I ali ng water.

For the unshielded working electrodes, ê simple lechnique was

devised. The wa-ler was allowed to circulate through lhe water jackel

for lwo minutes, and lhen stopped from circulating for a furlher two

mintues, and then for the duralion of the electrolysis, which was begun

afler the four minute period. The cycle was then repeated.

For lhe shielded elec-lrode, depicted in Figure 9, a more elabora-le

lechnique had to be devised that made provision for solution flushing

and gas bubble removal from the diffusion cavily. The inilial tech-

nique was that used for lhe unshielded electrode wilh an added period

of one minute between the two lwo minute periods. During lhe one min-

ule period the diffusion cavÎty was flushed, and any gas bubbles were

removed using lhe J-shaped tube, while lhe water was circulated lhrough

lhe water jacket. This inilial technique was then modified by adding

another lwo minu-le period direclly after lhe one minute f lushing period,



Rubber leat placed over end
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Figure 10. J-shaPed tube.
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during which -lhe waler was still circulaled Through the electrolysis

cel I water jacket. This lat-ler addilion was found necessary lo reduce

solution vibration after the vigorous flushing period. The final

technique modÎfication was -lo bubble the de-oxygenating gas lhrough

the solution for the, initial lwo minuÌe period on each occasion thal

the currenl was altered. This had lhe effect of ensuring that The

elec-lrolysis solution was still gas saturaled at lhe completion of

the experimen-ls, which required a number of hours.

When the electrolysis curren-f was passed through the elec-lrolysis

cel l, lhe working electrode poten-lial became increasingly cathodic,

unti I the current direclion was reversed. The electrode potential was

then driven increasingly more anodic, unlil an end potential was reach-

ed, af which poinl the electrolysis current wàs switched from lhe

eleclrolysis cell to lhe dummy cell. Al this poinl, -lhe electrode

pofential freely drifted, initially rapidly, and then more slowly.

The electrode potenf ial drifled unlil a maximum anodic potenlial was

reached, and then drifled slowly in a cathodic direction. The -lech-

nique discussed above for ob-laining a single chronopotentiogram -look

a period of minutes. lf was observed lhaf, during The timc prior lo

electrolysis, lhe eleclrode po-lential freely drif-led to a maximum an-

odic po-lential, and lhen slowly drifled in a cathodic direction. The

end polential, at which lhe elec-lrolysis current was switched across

lhe dummy ce I l, was selecled so that lhe elecf rode po-lenlia I was nol

drîven more anodic than its free drift anodic polential maximum.
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RESULTS AND DISCUSSION

PRELIMINARY RESULTS

Figure 1 1a shows the comparison of a typical experimental ly ob-

tained chronopotentiogram for an aqueous syslem with that calculaled

from -lhe equation below expecling Nernstian behav¡o,r1

E = Eo/ . lË'" 
I

* lF',.' [.'- t']
2i

nF (rD
U

The po-len-lial of the experimental curve was normalised at t/4 for

convenience. ll is evidenf that, for aqueous systems, good agreenenl

is only found in the low potential change portion of the chronopolen-

tiogram. Deviation from theory is evident at the initial and final

porlîons of the chronopolentiograms where the potential undergoes

rap i d change.

ln the pure NMF syslem, the devialion between practice and lheory

is much greater, as F igure 'l 1b revea I s.

From fhe above equation, ¡t is evident that the basic shape of

lhe chronopo-lentiogram should be determined only by the term

'åË,n 
[.r - *r] ', since alt the other terms on the terthand side

wi I I be constant for a given chronopotenliogram. lf al I chrono-

potentiograms are normalised lo a sîngle value of 'r, and the poten-

tial scale f ixed at a single value, dl, say, 't/4, then, for a given

system, al I chronopotenliograms should be identical, being independent

of both the eleclrolysis current and the length of time of the elec-

lrolysis. ln practice, lhis behaviour does occur'
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Figure 12 shows that the shape of experimental ly obtained

chronopofenliograms is not an ar-lefact of the particular type of

reference electrode used. ln the example, the quasi-reference

platinum wire probe vras compared with a saturated calomel electrode

(S.C.E. ) in a luggin capi I lary, and the chronopotentÎograms were

superimposable. The use of lhe quasi-reference platinum wire or

the s.c.E. in a luggin capillary was equally val¡d, but the former

was preferred, on the basis of experimental convenience. The use of

quasi-reference electrodes is discussed el="*h".".26

For the case of plalinum working electrodes, the melal is known

to adsorb hydrogen and oxygen, depending upon the electrode potential.

Such reactions occurring on the electrode surface may be a cause of at

leasl sqne of lhe observed deviation of the chronopotenliograms from

theorelical behaviour. lf the electrode polential is suff iciently

anodic for oxide lo form on.the plalinum surface, then the chrono-

potentiogram wi I I show anomolous behaviour due to reduction of fhe

oxide prior to the reduction of lhallium (l). The technique for ob-

taining a chronopotentiogram was developed, as described previously,

so that the natural electrode polential was not sufficiently anodic

to al low oxide formafion lo occur.

Frorn the modif ied Sand equation

it can be seen thal a plot of i.i against.-å ro. a series of currents

i, should yield a straighl line wilh an infercept from which the lracer

diffusion coefficient, D0, can be calculated.

trr I
iTz = nFCoDoznã A/2 + Qr-z
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Linear behaviour of i.å versus .-å *u, found for al I electrodes

for small values of T or, correspondingly, large values of r-*. How-

_t
ever, as T 2-tO, devialion frorn linearity becomes evident. This devi-

ation is due fo convection causing lhe experimental ly determined value

of the transition time,'r, and hence itj, to be greater lhan expected.

The effect of convection can be removed using a shielded electrode
f _r

where linearity of iTz versus r-ã could be obtained for transifion

times grealer than 90 seconds.

I
2It was evident to the aulhor thal linear behaviour of it versus

T-å was achievable to a high degree of accuracy for large values ol T,

so long as the working electrode was shielded. As such, the shielded

working electrode depicled in Figure 9 was used for all subsequenl

exper i ments.

One of the difficulties encountered with the shielded electrode

was in achieving a leak-proof seal between the metal surface of lhe

e lectrode and the cel I piece. lll¡th experience, ef f iciency was achieved

in obtaining a good seal, and several criteria could be used to lest ¡t.

The criteria used to test the effecliveness of the seal were:

the ratío of lhe times of the reducTion and oxidalion currents; the
ll

linearity of i'rz versus T z; and the visual check for leakage upon

dismantl ing the working electrode. A clear example of the results

produced by a poor sealing shielded electrode is evident in Figure
tl

13. The plotling of itã against'r-2 yields a curve, and nol a slraight

line. Visual ly, il was evident for lhe same system that leakage

through lhe seal had occurred. For this system, the ratio of lhe
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forward and reverse elecfrolysis times was also singif icantly different

from the expecÌed value of unity. The application of lhese above cri-

teria was found to be an effective means of el iminating data affected

by mass d i ffus ion.

The effectiveness of a good seal between lhe cell pÎece and the

e I ectrode surface was dernonstrated us i ng e I ectron m i croscopy. The

photographs displayed in Figure 14 show scanning electron micrographs

of si lver electrodeposited on to platinum using the ETEC Aufoscan. lt

is evident in Figure 14a that there is quite a sharp distinclion between

the central region exposed by the cyl indrical diffusion cavity to the

eleclrodeposited si lver and the eleclrodeposit-free ouler region lhal

was masked by the cell piece. The sharpness of this contrast, and,

hence, the effectiveness of the seal, is even more apparent in Figure

15.

Figure 15 shows the chart recorder record of X-ray intensity as a

function of distance across the boundary of deposil-free, and silver electro-

deposil covered regions on a platinum surface. The analysis was made with a

Jeol Electron Microprobe Analyser using a P.E.T. crystal set to analyse for

silver at 134.050 nm. The X-ray intensity was measured for a 5 second period

before the eleclron beam spot was shifted lo a position 1 pm further along

the transect. l-l is very evident from Figure 15 lhat lhere is a sharp con-

tac-l between lhe low intensity region, corresponding to the eleclrodeposit-

free platînum surface, and the high inlensily region, corresponding to the

region of silver electrodeposition. This is f urther emphasised by the fact

thal the high in-lensity peaks exceeding f ull-scale def lection actually have

an average intensity many limes greater lhan the full-scale maximum set on

the chart recorder.
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FigUre 14a. Scanning electron micrograPh of si lver deposiled on

platinum stub using platinum cottrel I cel I electrode.

FigUre 14b. Scanning electron mÎcrograph showing the heterogeneous
nature ót tf'e si lver deposited on the platinum slub.
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Recorder plof of sí lver X-raY
si lver electrodePosit (A) and

intensity as a function of distance traversed across the junction of
si lver-free (B) regions on a plalinum surface'Figure 15.
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It can also be seen from Figures 14b and 15 lhat the si lver

eleclrodeposif is not homogeneous, bul tends to be in the form of

isolaled grains of silver on the platinum surface, with little or

no infergranular si lver. Thal I ium elecfrodeposits on plalinum were

also found to be of a non-homogeneous nature.

Al I final measurements of the lracer diffusion coefficient of

thallium (l) presented here were made using the platÎnum Cottrell Cell

depicted in Figure 9.

It was noted earlier tha-f lhe quality of water v,/as improved during

the series of measurements presenled in this chapter. lt was noted by

the author thal -lhe improvement in lhe qualily of the water used as the

solvent made no difference to -lhe determined v'alue of lhe tracer dif-

fusion coefficienl. However, fhere may have been associated improve-

ment in lhe reproducibi I ¡ty gf experiments. Val idalion of lhis latter

poi nt, however, wi I I requ i re further experimentalion'

CORRELATION BËTWEEN THE TRACER DIFFUSION COEFFICIENT
AND THE SOLUTION VISCOSITY

Slokest law describes the force exPerienced by a macroscopic

sphere of radius r in a f luid medium. ln combination wilh the treat-

ment of Einstein, it has been applied to -lhe dif f usion of microscopic

ions i n a slructured med i um. The resu ltanl Stokes-Ei nstei n equationSS

D = kTl(6rrn)

where k is the Boltzmann constan-f, predicls thal the producl of lhe

tracer diffusion coeff icienl and the solution viscosity, n, should



2?7

be a constant for a qiven temperalure, f,

rad i us, r.

and parlicle of constant

The author lested whelher the prediction of the Stokes-Einstein

equation could accounl for the variation in lhe tracer diffusion co-

efficient of thal I ium ( I ) measured in various aqueous electrolyte

solulions.

The relative viscosity presented in Table 7 was determined by lhe

author vîa inlerpolation of the viscosity data of other researchers -33-31

The viscosity delermined at electrolyte concentralions of 0.3315M in

Reference 37, and 0.021061M and 0.29918ì'4 in Reference 35 were found to

be erroneous, and were nol used by the author.

Table 8 presents the results of the product of the tracer dif-

fusion coeff icient and the appropriate relalive viscosity of the sup-

porling electrolyte. The value of this product is quite similar for

the elecTrolytes of NaCIO*, KNO, and L¡NOj, having an average value

of ('l .86 10.01 ) x1o-5cm2/s. The value of this product delermined for

NaNO, as the supporting electrolyte, however, is about B% greater than

the other el ectrol Yles.

DETERMINATION OF TI-E SLOPE' Q

The mod i f i ed Sand equation

I

2 nrcoooånå A/2 + Qr-àIT

predicts that it
I

wi I I be I inear in 'r
I-z This was found to be the



Tabl e 7

Relative vi scositY, n."¡,
determined for a series of aqueous electrolyte solutions

ElecTrolyte

0.500M

0.300M

0.500M

0.300M

0.300M

0.300M

NaC I 0O

NaC I 0O

KN03

KN0l

LiN03

NaNO,

lre 
I

1 .014

I .008

0. 983

0. 989

1.032

1 .016

Reference

33

33

34

34

35

34 ,36 r37

1 .88

I .85

1 .85

1 .86

1 .85

2.01

Tracer dif f usion coef f icient of thallium ( l), DO,

and product DO"l.", defermined for a series of aqueous electrolyles

Table I

Do x 105

l.B5l t

1.831 !
'l .878 !

1 .811 !

1 .794 !

1.981 t

z,
cm /s

.014

.025

.030

.010

.o34

.006

2,
cm ,/sElectrolyte

0.500M NaCl0O

0.300M NaCl0O

0.500M KN03

0.300M KN03

0.300M L¡N03

0.300M NaNO,

Dotl.", x 105
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t_lt versus T t corresponds to an amount of charge,case. The s lope of i'r

a

The value of Q varied considerably in the solufions invesligated,
12

f ron 3-t VC/cn' up to 341 ytC/cm'. The genera I unif ying f actor determin-

ing fhe value of Q was the gas used to deoxygenate and saturate the

solution being sludied. For example, in almost identical solutions

of TINO,+O.5OOM KNO3+HrO, lhe slope Q took values of 41 and 62 yC/cm2,

and 259 and 216 VC/cn2 for lwo solutions each deoxygenaled with hydrogen

and argon gas, respectively. As a general observation, it was found that

usÌng hydrogen gas gave values of Q< lOO yC/cn2, while using argon gas

gave values of Q> 100 VC/cmZ. From these results, it appears that the

chemistry of lhe sol id elecfrode/electrolyfe solulion interface domin-

ates the value of the slope, Q. The charge could be due to reduction

of surface adsorbed species that could include peroxides or radical

species generaled during electrolysis.

21 ,23ln Bardrs atlempts to correct for lhe inconstancy of the

chronopotentiometric constant, he postulated thal an amount of charge,

Qc, could be used to charge the double layer. Thís charge was approx-

imated as being the product of lhe average double layer capacitance

and the maximum change in potential recorded during the electrolysis.

From the resulÌs discussed here, il can be seen that the charging of

the double layer could not be the dominant effect contributing lo lhe

observed slope Q. However, the results presen-led here are not incon-

sistent with double layer charging making some contribution to the

charge Q.
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ALTERNATIVE METFÐD TO CæRECT THE SAND EQUATION

"1 ,23
The modÌficafion to the Sand equation carried out by Bard'

was made assuming lhe applied current to be the sum of the currents

i nvolved i n d i ffusion and ofher processes. Such an assumption i s

inherent in the procedure used by lhe author fo determine the limit-
r_J

I

ing value of i.¡å and the value of Q from plots of itz against'r'-

This procedure also assumes fhal the correct lransition time, r, has

been measured '

lf, however, one looks at the transition lime measured, Tm, as

being the sum of the true transition time, r, and an exlra period of

time, T., faken lo charge the electrode an amount Q., then

T =1*T
m c

ITc

The latter equation can also be writlen as

IT
t-

where .r..|, Tc2, etc. are lhe time periods during which the electrode

was charged an exlra amcunl, and the electrode potenlial changed by an

amount LE1, AEZ, elc. This approach has an advantage over lhe approach

of Bard in thal one does not have to assume that lhe charging of lhe

double layer etc. will occur al a constant ra-le during the enlire

eleclrolysis. Rather, one can allow for a period of lime during which

no conlribution was made to lhe value of Q.'

Qcand

0'c i(t . +r ^+CI CZ
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Subslilution for -lhe lrue value of T into the Sand equation will

g rve

i(t -A /i)m 'c
I

2
n FCODO 'll A/2

I

2
I

2

Using the above equation resulted in almost identical values being

delermined for fhe limiling value of ¡r* and, hence, for lhe value of

the tracer diffusion coefficient as those previously reported here'

As such, lhese values have nol been presen-led here. However, the

value of Qc tended to be of lhe order of 1oo$ grealer lhan lhe value

of Q de'lermi ned v ia lhe other method. The d i scuss ion made prev ious ly

concerning Q slill holds for Q. in a qualitalive manner.

The author f ound -lhal lhere was not suf f icient information to

decide between the two modifications to the Sand equation presented

here. lt is. worthy of reslalement, however, that whichever approach

was used resulted in the delermination of almost idenlical tracer

d if f us ion coef f ic ien-ls.

NOTE ON THE SHAPE OF CI-fiONOPOTENTIOGRAMS

During the progress of this work, chronopolentiometric research

was carried out în this laboralory without supporting eleclroly-le,

resulling in a plausible reason as to why -ihe shape of experimental-

ly oblained chronopotenfÎograms deviate from the expected theorelical

shape. The reasoning is based upon the observed increase in the re-

sistance of the catholyte during the depletion of the reducible species'

This increase in the resis-lance across lhe catholyte wil I cause the
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electrode potenlial to be greater lhan -lhat predicted by theory' This

phenomenon is likely to be able to account for at leasl some of the

devialion from theoretical behaviour observed in the vicinily of lhe

transifion lime for chronopotenliograms obtained with supporling electro-

lyte. This topic is further discussed by Horwath.39
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System I. TlN03 + NaClO4 + HZO

Five series of chronopotentiometric measurements were made for

the TINO= + NaClO, +H2O system with transition times f rom 0.437 seconds
)+/rt

up lo 85.44 seconds being recorded. The results for i'rz versus r-t

are recorded for each measuremenl in Figures 16 and 11.

From a cofllparison of results recorded in Tables 1 and 2 it can be

seen that the tracer diffusion coefficient for lhal lium (l) determined

from these measurements was independent of fhe thallium (l) concentra-

tion, the NaCIOO supporting eleclrolyte concentration, and lhe platinum

electrode surface area. With¡n the I imits used in these experimenls,

iI is expecled that the tracer d¡ffusion coefficient for thallium (l)

will be unique.

The tracer d¡ffusion coeffîcienl of thal I ium ( I ) was determined

lo be 1.845x10-5 cm'/s with an uncerlainty of 1%.

System II. TlN03 * ¡<N03 + H20

The resulls for plots of ¡tå versus.-* ure shown in Figure 1B

for four series of measurements for aqueou's solutions containing 5 mM

TINOj and 0.500 M KNO,. The measured lransition times, r, ranged from

0.671 seconds uP to 13.34 seconds.

From Table 3 i-l can be seen lhat the tracer diffusion coeff icient

for thal I ium ( I ) delermined from lhe above-mentioned solulions is iden-

tical to lhal calculaled from a solution conlaining 3mM TlN0, and 0.300

M KNO-. These results show that lhe lracer diffusion coefficient deter-
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Run 3 (*)

No¡ + 0. 5M NaC I 0O + HrO:

Tracer di ffusion coeff icient,

Run Area/cn2 Cr,+/mM c

'l .3004 5.021

2 .3004 5.021

3 .2570 5.079

Average

Table 1

DO, of thallium (l) in 0.5M NaCl04+H20

3 5 2,
Nactor/M lnterceptx 10- % * 10-cn¡-/s

0.500

0. 500

0. 499

.0031

.0029

.0010

.5548 !

.5571 !

.4185 !

1 .849 ¡ ,021

1.865 r .019

1.838 I .008

1.851 r .014
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Run I (O); Run 2 (A); Run 3 (* ); -Run 4 (X)'
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2
cm /s

Tabl e 3

Tracer d if f usion coef f icient, DO, of thal I ium ( l)

Run Area/cnz cr,*/mM crruor/M I ntercept x I Do x lo503

2

3

4

Average
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is independent of the thallium (l) concentration,

the KNO, supporting electrolyte concentration, and lhe exposed P I at i num

electrode surface area wilhin the I imits of this study.

mined for lhallium (l)

The tracer diffusion coeff icien-l of

1 .811x 1O-5 cri / s w ith an uncerta i nty of

thallium (l) was found lo be

1.4%.

The tracer diffusion coefficienl of thal I ium ( I ) determined in

aqueous solutions was simi lar using either NaClOo or KNO, as the sup-

porling electrolyle. The tracer dif f usion coef f icient of thallium ( l)

determined from len solutions containing either Nacloo or KNO, as the

supporli ng electrolyte had an averaged va lue of I .86 x 1o-5 cm'/s with

an uncerta i nlY of 1 .5%.

The Sand equation predicts that the limiting values of it'lCt,,,,

wi I I be a I inear function of. the eleclrode surface area, and pass

through the origin. The resulls plotled in Figure 19 from the ten

solutions containing either NaCloo or KNO, as lhe supporting electro-

lyte show that lhis is indeed the case. This suggesfs thal the ef-

fective electrode surface area is the same as the geomelrically measured

e I ectrode surface area.

System III. TlN03 + LìNOt + HrO

Figure 20 records the resulls o'f two separate measurements made

in aqueous solutions of 3mM TINOS+0.300M LiN03. Transition limes

were measured from 1 -J44 seconds up to 19'i8 seconds'
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I
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for 3mM TlNOj + 0.fM L¡N03 + H20

Tracer d iffusion coeff icient,

Run Area/cm
2 Ct,+/mM C

3.010

3. 0'10

.3187

.3187

Average

Table 4

DO, of thallium (l) in 0.3M LiN03+H20

Do x 'l 05.^2 / t

1.818 I .005

1 .170 r .007

1.794 ! .034

/rt

2

LiNo3

0.3q0

0.300
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The calculated tracer diffusion coefficient of thal I ium ( I ) was

lower lhan thal measured using NaCIOO or KNO, as the supporting electro-

lyte. The measured tracer diffusion coefficient of thal I ium ( I ) was

R

1.1g4 x 1O-) cm' /s with an uncertainty of 1'9%'

System IV. TlN03+NaN03 + H20

Figure 2l records the results of measurements made

solulions of 3mM TINOr+O.3O0lu1 NaNOr. Transition times

seconds up lo 84.83 seconds were measured'

i n lwo aqueous

from 0.860

The calculated tracer diffusion coefficient of thal I ium ( I ) was

r.981 x ro-5 c# /s, which is very much higher than that measured using

NaClOO, KNO3 or LiNO, as the supporting electiolyte. The uncertainty

in the tracer diffusion coeff icient was only O'3"Á'

System V. TlN03 + KNO, + HZO + NM

The results of plots of i'rå uu.rur r-å are presented in Figures

22 and 23 lor solulions containing thallium (l) in 0.300N1 KNO, suP-

porting eleclrolyle in solvents of 0.000, 0.253, 0.502 and I.000 mole

fractions of NN1F. The lracer diffusion coefficienl determined from

lhese plols is presented in Table 6'

ln Figu re 24, the measured tracer diffusion coefficient of thal-

lium il) is presented as a funclion of NMF solvent mole fraction for a

constant KNO, supporling electrolyte concentration of 0'f00 lv1' lt is

quite evident thal the tracer diffusion coefficienl decreases from a

maximum in pure water lo a minimum in pure NMF in an exponential manner'
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The TINOr+KNO3+HzO+NMF system has been investigated previously

by Hale and pu.ronr.31 They used polarography to measure the I imiting

diffusion currenl for thal lium (l) in mixed HrO+NMF solvents using

0.1 N KNO, as the background electrolyte. lt is known f rom polaro-

graphic theory lhat the square of the limiting diffusion current is

proporlional to the tracer dif f usion coef Íicien'r-32 lt is not sur-

prising, then, to find qualitalive agreement belween lhe square of the

limiting diffusion current recorded by Hale and Parsons and the lracer

diffusion coefficient of thallium (l) delermined by the aulhor as a

function of Hro+ NN1F solvent composilion. lt is worthy of note here

thal, in Figure 5 of the paper by Hale and Purronr,3l the square of

the limiting diffusion currenl for thallium (l) at 0.75 NMF mole frac-

tion appears erroneously high. The author would suggest that their

curve should be redrawn, ígnoring thal point,'on the evidence present-

ed here. lt is also of interest lo note that fhe change in the tracer

diffusion coefficient of thallium (l) in Hro+NMF solvents is not re-

flective of lhe change of the macroscopic viscosity of HrO+NMF sol-

venls. This is in agreemenf with the observations of Hale and Parsons
31
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CONCLUSION

The author has shown that a simple non-graphical method can be

used to accuralely determine the trânsition time, T, from an individual

chronopolenf iogram.

I
2

I-2
The product it was found lo show a distinct dependence upon r

which is not predicted from the theory proposed Uy SanO.11 The linear

extrapolaJion to t-å=0 of a plot of irå uguinst'r-å was found to be a

good method of obtainíng accurate values of the tracer diffusion co-

ef f icient of thallium ( l) in a variety of electrolyte solutions. The

slope of such a plot corresponds to an amount of charge, Q. The author

found that the magnitude of Q depended largely upon the chemistry of

the electrode/electrolyte solution interface which could be influenced

by the nature of the gas used lo saturale the'solution. The contribu-

tion of double layer charging to the value of Q as suggested by Bard ,21 '23

while not inconsistent with the results, is not likely to be easily

separated from other domi nali ng i nf I uences which are sti I I not fu I I y

unde,rstood and require furlher invesTigation.

The aulhor a lso lreated lhe chronopo-lentiomelric data by the novel

approach of considering lhe measured transitÍon time to be lhe sum of

the true transilion time and an exlra period of time due to o-lher charg-

ing processes occurring at the eleclrode/eleclrolyle solufion interface.

The resultanl form of lhe Sand equation due lo lhis approach is

,

rtt
i ('r, - Qc/¡ )z = nFCoDozrzA/2

where'r is the transilion time measured
m

the author.

by lhe procedure presented by
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The lracer diffusion coefficients determined by both approaches

were almos-i idenlical, whereas the anpunl of charge Qc was found lo be

consíderably greater than the value of Q determined from the slope of
r-+iT' against'r '.

The tracer dif f usion coef f icient of thallium ( l) was defermined

to be 1.845x10-5, 1.88x10-5, 1.19x10-5, and 1.98xlo-5.^2/t in

concentrated aqueous solufions of NaCl0O, KNO,, LiN03, and NaNOr,

respectively. The difference in the calculaled tracer diffusion

coefficients could be minimized by taking into account the relative

viscosities of the aqueous electrolyte solutions. The adjusted tracer

dif f usion coef f icient yielded an averaged value of ( l.B6tO.Ol ) x 1o-5cm2/s,

independent of the electrolyte type and concentration for the eleclrolytes

NaClOO, KNO, and LiNO3. The difference in thè tracer diffusion coefficient

determined in NaNO, solution could not be accounted for in terms of a vis-

cosity ef fecl. No explanati.on for the unusual behaviour of The TINOj +

HrO+ NaNO, system can be forwarded at this stage. The author suggests

lhal further tracer diffusion coefficient measurements in solutions of

different NaNO, concentrations may bring furlher enl ightenment on this

matter.

The tracer dîffusion coefficient was also measured for lhal I ium

( l) in a series of HrO+ NMF + KNO, solutions at constan-l elecfrolyle

concentralion. The lracer diffusion coefficient was found to decrease

f rom a maximum of 1.88 x 1O-5 .^2/s in pure water to a minimum of

-q 2
0.506x lO-'cm'/s in pure NMF. The change in the lracer diffusion

coeff icient with change in solvent composition did nol correlate wilh

the known change of the macroscopic víscosily of HrO+ NMF solutions.
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The author tested lhe prediclion of lhe Sand equafion, thal values

I

of itä/C should be a linear funclion of lhe electrode surface area, and

pass through the origin. This was indeed found to be the case using
I

extrapolaled i.rt values determined from measurements in solulions con-

taining eilher Nacloo or KNO, as lhe supporting electrolyte. The in-

ference from this agreement is thal the effective eleclrode surface

area is lhe same as its geometrically measured surface area, even

though lhe platinum electrode surface was known to show surface

scratches and defecTs. A photomicrograph showing a fypical elec-

trode surface is shown in Figure 4a of Chapter 3 of this thesis'

The insensitivity of chronopolentiomelry to minor surface ir-

regularities in sol id eleclrode surfaces can best be understood when

one considers lhe concept of diffusion layer ih¡ckness' The diffusion

layer thickness, Xd,is related to the tracer dîffusion coefficienl, D0,

and lhe transition time, T' by the relalionl

^d U
(D T

lf the profile of surface unevenness is small in comparison with the

dif fusion layer thickness, lhen lhe diff usion during electrolysis will

be dominated by semi-inf inite linear diff usion to a plane electrode.

lf, however, lhe profi le of surface unevenness is significant in com-

parison wilh the diffusion layer thickness, then the surface unevenness

will become imporlanl, and the effective diffusion area will increase.

Ê-)
For a typical lracer dif f usion coef f icient of 1.86x 10 /s

I

2
cm

and values of T ranging from 1 second up to 1OO seconds, the diffusion

layer thickness wi I I be 43 pm and 430 um, respeclively. The platinum
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surfaces used in these studies were polished and etched such thal

surface irregularities were of the order of 1 pm or less. lf can

be seen from the above example calculations thaT the surface ir-

regularitles in the electrodes used here are not going fo be sig-

nificant when compared wirh lhe diffusion layer lhickness.

It is expected, however, that measurements such as double layer

capacifance are I i kely to be more sensitive to surface irregularities

in the electrodes used.
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INTRODUCTION

Cyclic vol-lammelry is the method of applying a triangular voltage

ramp to an eleclrochemical system over a polential range, wifh reversal

of the direclion of the volÌage ramp a-l the potenTial extremes' The

resultanl d.c. currenl plolted as a funcfion of elec-lrode potenlial is

cal led a cycl ic voltammogram.

The technique of cycl ic vollammetry has found useful appl ication

in the study of reacÌion kinetics, and chemical species idenlificalion.

cycl ic voltammetry has also proved a valuable method of characterizing

lhe state of the electrode/eleclrolyte solution interface' The tech-

nique can yield information concerning lhe purily of the electrolyte,

the cleanness and structure of the electrode surface, and can permil

identif icalion of regions of adsorption/desorplion phenomena and

ox i dat ion/reduct ion react ions.

¡¡¡ I I and Knorrt uOOl ied this method to investigate the plalinum/HTSOO

syslem. They found distincl currenl peaks in their cycl ic voltammograms,

which were due to hydrogen atom adsorplion/desorption, al potenlials

anodic to lhe onset of molecular hydrogen gas evolulion' Since lhe

experiments of Wi I I and Knorr' many papers have been publ ishecJ showing

cycl ic voltammograms for polycryslal I ine and single cryslal plafinum

electrodes in acid solulions.2-20 The cyclic vol-lammograms for such

sysi-ems clearly demonstrate differences related to the surface sfruc-

ture of the platinum electrodes.

The inlerprelalion of hydrogen alom adsorption on plalinum has

been compl icated by the different melhods employed by research groups

in preparing fhe electrode surfaces. Some researchers in their crili-



3.2

cism of cyclic voltammograms published by ofhers claim that their

melhods of elecTrode preparation have resulted in contaminalion of

lhe electrode surface, or else resulled in poorly defined crystal

su rfaces. 3r4rò19

However, since hydrogen atom adsorption shoul'd be reflective of

the electrode surface on an alomic level, the technique has been used

as a means of determining the effec-five area of pla-linum electrodes.

lf one hydrogen afom is adsorbed per platinum surface atom, lhen the

amounl of charge required to form a monolayer of adsorbed hydrogen

atoms can be determined from crystal lographic parameters' The amounl

of charge adsorbed due to hydrogen alom adsorption can be calculated

from lhe cycl ic vollammograms and compared with the theoretical value

calculaled for a single monolayer. The ratio of lhese charges is

lermed lhe roughness factor, ôs it gives an estimate of the deviation

of the electrode surface from perfect smoothness. The roughness fac-

tor is a useful concepl, since eleclrochemical measurements at elec-

-lrode surfaces oflen require knowledge of the effeclive surface area.

From the chronopofentiomelric study of tracer diffusion co-

eff icients d i scussed i n lhe previous chapfer, it was concl uded by

the author that the effective surface area of a polycrystal I ine

platinum eleclrode was the same as its geometric surface area'

This was found to be the case even when the eleclrode was known

to exhibil minor surface irregularilies. lt was expecled thal the

hydrogen adsorption technique would be more sensitive lo electrode

surface irregulariTies, and result in roughness factors being de-

lermined lhat were much grealer than unity. The measurement of

roughness factors of variously prepared polycrystal I ine platinum
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eleclrodes, using lhe hydrogen atom adsorption melhod, have been made

and commented upon by the aufhor. The results of the author indicate

lhat properly prepared electrodes can yield low roughness factors, and

that a roughness factor of unity could be achieveable with due care'

It must be noled, however, that the estimation of the surface

roughness of solid metal eleclrodes via lhe above method is limited

ín its application lo only a few metals that display distinct hydrogen

atom adsorption/desorption peaks. olher methods have to be employed

to delermine roughness factors for other melals. The roughness of

silver polycrysfalline and single crystal electrodes, for example,

has been estimated using lhe method of Parsons and Zobel24 Oy u

number of authors.25-28 Also, lhe method of Brummer and Makri d"t29

has been used to estimate roughness faclors for gold electrodes'30



7l

EXPERIMENTAL

ELECTRONIC EQUIPMENT

Ad.c.triangularVollagerampwasgeneraledusingaPAR1T5

universal Programmer, and potenliostalical ly appl ied to a standard

three electrode electrochemical cel I using a PARI73 Polenlioslat-

Galvanosta.l.Thepotenlialrangeextremesandthepolenfialscan

rate were preset manual ly on the Universal Programmer'

The cell oulpul currenl was amplified, and lhen displayed as a

cycl ic yollammogram using either a Tektronix 603 Storage Osci I loscope

or a Houslon lnslrumenls Qmnigraphic 2O0O X-Y Recorder' Alternatively'

lhe amplif ìed cell oulput currenl was stored in a Dala Lab DL905

Transienl Recorder, and accessed through a Hewlett Packard H'P,85

compuler using an original computing programme lhat enabled inTegra-

ti'on and graphical display of a cyclic vollamrñogram. The inlegration

programme was based upon the Newton-Coates formulur3l taking seven

dala potnls each lime.

The combinalion of the Data Lab DL9O5 Transien-l Recorder and the

Hewlett packard H.p.g5 computer was used to deve-lop a cycle averaging

procedure whereby a number of single cycle voltammograms could be

manipulated lo give a single averaged cycl ic vollammogram'

ELECTROCHEMICAL CELL

A slandard lhree electrode system was used. The electrodes and

electrolysis cel ls used were the same as lhose previously described

and depicted in Figures 2-9 oÍ Chap-ler 2 of this thesis.
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Three types of platinum working electrodes were studied' These

were The platinum disc electrode, fhe Teflon-encased platinum electrode,

and the shielded platinum Cotlrel I cel I electrode'

Al I solutions were de-oxygenated prior to any measurements by

bubbling pure argon or hydrogen gas through the solution for about

one hou r .

Al I measuremenls were made at 25-00 I 0.05oC.

CHEMICALS

Solutions of the desired acid concentration were made up by

diluting stock solutions of eilher B.D.H. 98% Aristar Sulphuric Aicd,

or Merck 7Ofi Pro Analysi Perchloric Acid. Dil'ution was made using

pure water, as described previOusly in Chapte'r 2 of this thesis'
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PRELIMIMRY RESULTS

The generated d.c. lriangular voltage ramP also contained a smal I

50 hz a.c. noise component associated with lhe mains power supply.

The effecl of the a.c. signal componenl was evÌdent when a cyclic

voltammogram was displayed on an oscil loscope, but nol when record-

ed on an X-Y recorder, due lo its response I imitations.

The noise ripple was found to cause a problem at low scan rates'

and in the hydrogen alom adsorption region. Modification to the power

supply of the PARI75 Universal Programmer reduced the a.c. ripple to

less than 1 mV RMS, which in turn reduced the a.c. response in the

cycl ic voltammograms. Modif icalion of the power supply could not

entirely remove the a.c. component from the generated signal, and

other means had to be employed to remove it'

Figure 1 shows the record of cycl ic voltammograms before and

after the power supply modification. Before the modification, the

a.c. ripple component swamped lhe voltammograms al low to moderale

scan rates, as shown in Figure 1a. Afler lhe modification, the a'c'

ripple effect was diminished so lhat accuraTe cycl ic voltammogram

-lraces could be measured at moderate scan rates. The records of

Figure l, excepting Figure la, show the post-modification results'

A cycl e averagi ng procedure and a capacitive f i lteri ng technique

were used by the aulhor to remove lhe residual a.c. component' Placing

a capacitor of an appropriate value across lhe output of either the PARI75

or pARlTj devices was found to be an effective melhod of fillering out the

a.c. component. The averaging of a number of cycles without any capaci-

tive f iltering Produced an idenlical result to that of a single cycle



* l,tlt{v ?ot*ji¿.-t1 +o.Ottv

Figure la. Cycl ic voltammogram of polycrystal I ine plaTinum
recorded on a cathode ray oscil loscope (C'R'0')
swampi ng effecf due to a.c. noice ripple' Scan

í n HrS0O
showrng
rate = 50 mV/s

Figure lb. cycl ic vollanrnograms of polycrystal l ine platinum in_HtSOo

recorded on a C.R.O. at scan rales of 50 mV/s ( inner -- 'i

trace) and 5oo mV/s (outer trace). Post power supply
modificalion.
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with capacilive filtering. These results are presented in Table 1,

and discussed in the fol lowing section.

It is noteworthy that the response limilations of an X-Y recorder

produce an effect simi lar lo a fi llering capacitor. Therefore, ôñY

cyclic voltanmogram recorded on an X-Y recorder will nol record any

a.c. ripple effect unless the a.c. component is exlremely large. For

poorly earthed electronic equipmenl, the a.c. mains ripple can be suf-

ficienlly large to give rise to false peaks in hydrogen atom adsorplion/

desorption studies where an X-Y recorder was used to record the cyclic

voltammograms. Obviously, wel l-earlhed electronic equipment is essen-

lial in avoiding any cornPlicalions.
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RESULTS AND DISCUSSION

Figure 2 shows typical cyclic voltammograms for polycrystalline

platinum eleclrodes în Hrsoo obtained by cycl ing through the hydrogen

adsorption and oxide formalion regions. Scanning in a cathodic direc-

lion from the double layer region toward the region of hydrogen gas

evolu-fion reveals two distincl adsorption peaks due largely lo hydro-

gen a-lom adsorption. The total calhodic charge measured in this re-

gion is the sum of the charges associated with the adsorp-iion of hydro-

gen atoms, double layer charging, and faradaic reaction during lhe evo-

lution of molecular hYdrogen'

The use of cycl ic voltammetry in Hrsoo lo determine plalinum

surface areôs is a wel l-eslabl ished technique. However, it is fraughl

wi-lh assumptions, and relies upon the abilily to isolale the charge

passed in adsorbing a monolayer of hydrogen atbms from charges due to

other processes lhat occur simultaneously. The commonly acceptec as-

sumptions are that each surface melal atom can adsorb one hydrogen

alom, and thal double layer charging is constant over the potential

range of inlerest. The controversy arises in lhe atlempts of various

researchers to separate lhe charge associated with hydrogen atom ad-

sorption f rom that associated with faradaic react 'on.19-23 ln a recenl

paper, Barna, Frank and Teherani2l described a scan rale dependent cy-

clic voltammetric technîque to separate lhe charge due to hydrgoen alom

adsorplion from the scan rate dependen-i charge associated with faradaic

reaclion. The disadvantage of using such a technique is thaf lhe lenglh

of lime required for measurements is a prohibit¡ve B-16 hours.

The tolal charge measured, correcled for lhe amounf due to fara-

daic reaclion and double layer charging, is divided by the charge per
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unit area expected from crystal lographic considerations to give a

measure of the effeclive surface area. For polycryslal I ine plafin-

um the accepted theoretical value Îs 210 yC/cn2, even lhough lhis is

recognized as a somewhal arbitrary choice. l9 The effeclive electrode

area divided by ifs known geomelric area is termed the roughness factor.

The technique used by the author involved scanning in a calhodic

direction from a potential in lhe double layer region to the potential

of the current minimum after the mosl cathodic adsorplion peak. The

total charge adsorbed in this regíon was determined by square counting

or inlegration based upon the Newton-Coales formula, depending on whe'ther

an X-Y recorder or a data logging syslem was used, respectively' Correc-

tion for the double layer charging component was made in the usual waY,

by sublracting thecuri-e:nt between the zero charge axis and the base

line defined by the current in lhe double layer .tgion'16

Table 1 shows roughness factors determined by the author for a

variety of polycrys-falline platinum electrodes, wilh correction for

double layer charging where lhal was considered significant.

Figure 2 conrpares cyclic voltammograms obtained in 1 M H2S04 under

sìmilar conditions using polycrystalline platinum elecfrodes. Curve I

was obfained using a Teflon:encased platinum electrode, whi le curve I I

was obtained using a plalinum dîsc eleclrode. Curve ll was shifted 20 mV

more calhodic to normalise lhe positions of the exlreme calhodic minimum

in both curves I and ll. This resulted in superposilion of the oxide

reduction peak, but clearly revealed distinct differences În the hydro-

gen a-lom adsorplion and desorpÌion phenomena on the different electrode

su rfaces .



Table I

Roughness faclors determined in acid solutions
for a number of polycrystal I ine plalinum eleclrodes

E I ectrode

Plalinum disc a

Platinum Collrel I Cel I

Acid Solution Roughness Faclor

i .090.92M H2SO4

b
Tef lon-encased P laf i num

c
Tef lon-encased P I ati num 0.99m H

0.99m

0. 99m

0.99m H s0
2

d

0.92t4 HzSOq

0.Bm H'SOO

1.29n HCl04

2

6.5

1.35

1.39

1.48

1 .47

1 .11 ( lowest cyc I e )

1 .90

2.05 (highest cycle)

6.1

6

SO

H2s0

H2S0

4

4

4

4

i.04m

1 .04m

1.04m

H2SO4

H2S04

H2S04

uPlufinum disc prepared by flame cleaning procedure'

b
El ectrode not mechan i ca I I Y
acid solution.

pol ished or elched, but cleaned in

cElectrode mechanical ly pol ished, elched, and cleaned in acid
solution.

dErectrode mechanical ly pol ished, elched, and cleaned in acid
solution. Roughness factors given in order of increasing
number of potenlial cYcles.



Curve I

Curve ll

o-5 1 1.5

Potenf iallvolts (S.H.E. )

Figure 3. cyclic voltanrmograms of polycrystalline platinum in acid solution: Hrsoo (curve l); Hcl04 (curve ll)'
'50 mV/s scan rate.
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The different hydrogen atom adsorplion/desorp-fion structure in

the cyclîc vollammograms is reflective of differences in the surface

structure of the platinum atoms. The relative proportion of the

charge under -lhe two hydrogen atom adsorption peaks in Figure 2 is

different for the two differenl eleclrodes. The most calhodic adsorp-

tion peak is more dominant in the case of the platinum disc electrode

than for the Teflon-encased platinum eleclrode. From platinum single

crystal sfudies by Hubbard,t'fnis may imply that there are relalively

more cryslals with (1'11) orientalion in the surface of lhe polycrystal-

line platinum disc than in fhe surface of the other electrode.

A comparison of cyclic volfammograms is made in Figure 3 that

shows differences related lo anionic species present in the solution.

The cycl ic voltannnograms v'/ere obta ined for the same Tef lon-encased

plalinum eleclrode in HrSOO and HCI0O under siinilar conditions. The

anionîc species certainly musl inf luence the adsorption of hydrogerr

atoms on lo platinum surfaces. The influence of anionic species on

hydrogen atom adsoprtion has been studied and discussed previously .6'8'10-12

The electrode roughness factor was calculated to be 6.1 and 6.5 in the H2S04

and HCI0O solutions, respec-lively. The average roughness factor is 6.3!3/".

At the cenlre of much controversy in hydrogen atom adsorption

studies using cyclic voltammetry has been the use of polenlial cycling.

ll is widely recognized thaT cycling an electrode through the oxide

formafion and hydrogen adsorption regions can remove impurílies ad-

sorbed on To The electrode. Such cycl ing, however, can also resull in

a roughening of fhe surlu."33 and surface reslructuri ng.34 The firsl

poten-lial cycle and any change in lhe cyclic vollammogram slruclure

wilh successive cycles wil I reflecl the lrue nature of the prepared
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electrode surface. For a clean electrode surface, the shape of the

f irst cyclic voltammogram should not alter with successive cycles, so

long as surface restructuring was minimized.

A number of inlrica-le systems were developed fo minimize con-

tamination of lhe electrode surfaces during their transfer from the

place of cleaning into the electrochemical cel I -3'4'14'15 Using such

methods made lhe practice of prolonged polenlial cycling to clean -lhe

electrode redundant. A simpler melhod, due to Clavi I ier and Chauvin.ur,J5

recognized the imporlance of protecling the electrode surface from contacl

with lhe atmosphere during lhe transfer stage. They achieved this by

covering the electrode surface with a droplel of pure water.

The aulhor tesled lhe method of Clavi I ier and Chauvineau usìng

cycl ic vôllammelry lo invesligate hydrogen atom adsorption on to

polycrystalline plalinum electrodes. lt was found thaf, for an

eleclrode lhal had been exposed to lhe almosphere after the final

cleaning, the first cycl ic vollammogram showed very poorly defined

hydrogen atom adsorption peaks. Upon successive polential cycles,

the hydrogen alom adsorption peaks became more dislinct. However,

for an electrode that had been lransferred to the cell wilh its

surface covered by a droplet of pure water' lhe firsl potential

cycle showed clearly defined hydrogen atom adsorption peaks, which

did not alter signif icantly with successive potenlial cycles.

obviously, adsorption of atomospheric contaminants wi I I be a

hindrance in electrode surface sludies, so lhe author has adopted

the procedure of transferring cleaned vrork¡ng eleclrodes into electro-

chemical cells with the eleclrode surface prolected by a droplel of
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pure waler or the electrolyÌe solution of interest. lt is also obvious

that the first cycl ic voltammogram wil I provide information concerning

the cleanl iness of lhe electrode surface.

Breiterl6 recognized thal flame cleaning could be used fo prepare

platinum electrodes wilh low levels of surface conlaminants. Clavilier

et all6 ur"d low energy electron diffracfion and auger electron spectro-

scopy to show lhai their flame trealment method produced Pt(100) surfaces

that were clean, and properly defined with a 'l x 1 slruclure. ln conlrast,

however, Grant and Haas37 fornd that fhe Pt(100) surface could not be

cleaned by high lemperature cleaning alone, as low energy electron dif-

fraction patterns showed a ring-l ike struclure due lo carbon con-lamina-

tion of the surface.

The on ly f lame-c leaned worki ng e lec-lrode 'used in lhese slud ies by

lhe aulhor was fhe platinum disc electrode. From Table I it can be seen

fhat such an electrode was found to have a roughness factor of 1'09'

Th is is lower than lha-f f or any other e I eclrode represen-led i n Tab le I .

From the scanning electron microscope pholographs recorded in Figure 4,

it is apparenl lhat lhe plafinum disc electrode shows many surface flaws,

especially when it is compared with a mirror-f inishecl, Polished, plalinum

,trb.40 lt is quite possible, lhen, thal lhe platinum disc electrode was

contanlinated by carbon material during the flame cleaning process, effec-

tively reducing the avai lable plalinum surface area by acting as a block-

ing agenl. This would account for the apparently low surface roughness

factor. I f the d i sc el eclrode were contami naled by carbon materia I ,

the material would mosl probably be presenl as islands on lhe surface

rather than as a sheef, because -lhe author was able lo oblain firsl

sweep cycles which showed dislinct hydrogen alom adsorplion peaks

which did not aller markedly with successive potential cycles.



Figure 4a. S.E.M. micrograph of plalinum disc surface showing

polycrystal I ine nature.

Figure 4b. s.E.M. micrograph of mechanically polished plalinum surface
showing ,crul"hes <1 um in width' See Appendix 2 for
d iscuss ion.
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Figure 4c. S.E.¡4. micrograph of platinum disc surface using normal
secondary electron Îmage.

o

c

F'igure 4d. S.E.N4. mîcrograph of platinum disc showing same area as
Figure 4c, but using back scattered eleclron image.
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The other eleclrodes represented in Table 1 were prepared by

mechanical pol ishing fechníques. lt Ìs wel I known that a disturbed

layer exists at fhe surface of mechanical ly pol ished mefals. The

packing and posifion of the surface metal aloms are nol the same as

they are at equilibrium or in the bulk metal.SB This dÍslurbed layer,

however, can be removed by chemical elching or electrochemical cleaning

methods.

Many researchers have used convenliona I mechan îca I pol i sh i ng and

acid etching -lechniques to produce smoolh, regular electrode surfaces.

The dangers of using chemical and electrochemical etching techniques

have recently been pointed out by Caracciolo and Schm iü.39 They

found that etching modified lhe cryslal lographic nalure of the elec-

lrode surface, and suggesled thal standard cleaning procedures for

plalinum surfaces rvould be highly effective in forming facels of

another crysta I lograph îc orientalion.

As a resull, the auThor decided upon a short, 30 second hot aqua

regia etch after mechanical pol ishing of platinum eleclrodes, to remove

the disturbed surface layer buf prevent excessive surface crystal lo-

graphic modification.

Figures 5 and 6 show cycl ic vollammograms from which roughness

factors were determined. F¡gures 5 and 6 are reproductions of the

prinler outpul f rom the Hew lel-f Packard H.P.i35 computer. To ensure

thal reproducible condítions were maintained, lhe potential of the

Teflon-encased plalinum working electrode was cycled over the range

+1.301 V lo -0.178 V (versus S.C.E. ) in between measuremenls. A

single cycle over lhe range +0.307 V to -0.178 V (versus S.C.E.)
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I

I

I

I

_1.

Fìgure 5, Curve I. Cycl ic voltammogram of hydrogen atom adsorption on

piatinum using capacitive fi ltering' Reduction
currenl uPward -

_I

I

I
f-

I

--- |

---
I

F.igure 5, curve II. Cycl ic voltarnmogram of hydrogen atom adsorplion
on platinum using cycle averaging procedure'
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was recorded between lhe extended range cycles. curve I in each case

was a single cycle using a capacitive f ilter. Curve ll was obtained

by averaging seven irrdividual cycles without any côpaciTive fi lÍering.

The roughness facTor determined from Figure 5 was 1.35 and 1'39'

and 1.48 and 1.41 from Figure 6, for curves I and ll, respectively'

From these results it can be seen that the capacitive filtering tech-

nique and the cycle averaging procedure both produced identical resulfs,

allowing for an expecled experimenlal error of a few percent' The dif-

ference in the average roughness factors, of 1.31 from Figure 5 and

1.48 from Figure 6, shows lhal the electrode became rougher between

the lwo sets of measurements. This was due to a prolonged period of

cycling over the extended potential range in between lhe sets of measure-

ments.

The roughness faclors of 1.3-/ and i.48 were determined for a

Teflon-encased platinum eleclrode. The electrode had been mechanic-

al ly pol ished toamirror finish using diamond and alumina pol ishing

pastes, and then etched with aqua regia. For a simi lar platinum

eleclrode that had not been pol ished or etched, the roughness fac-

lor was delermined to be 6.'l on -lwo separate occasions. The great

difference in the roughness faclors defermined for unpol ished and

pol ished eleclrodes shows the effectiveness of the pol ishing fechnique

in producing snoolh surfaces.

Table I also shows lhe roughness factor delermined for a platinum

cottrel I cel I eleclrode as a function of increasing number of cycles

through the oxide formalion region. The roughening of the electrode

surface is evident wilh increasing number of cycles'
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CONCLUSION

cycl ic voltammetry is a powerful electrochemical lool

vesligaling the sol id melal eleclrode/electrolyle solution

The first cycle and successive cycles can yield informalion

the cleanl iness and structure of eleclrode surfaces.

f or in-

i nterface.

rega rd i ng

The author tested -lhe electrode transfer melhod of clavilier and

AF
Chavineau,)) and found lhe melhod lo be successful in mainlaíning a

clean electrode surface. The method was adopled by the aulhor as a

s-landard procedure for eleclrochemical sludies using solid metal work-

ing electrodes.

The investigation of hydrogen atom adsorplion from acid solulions

using platinum electrodes is wel I establ ished. From such studies, the

effective roughness of the surface can be determined. The author used

this technique to measure roughness factors for a number of polycrystal-

I ine electrodes. The roughness factors measured varied from l '09 up to

6.5, showing a marked dependence upon the cleaning and polishing tech-

n i ques used.

The determinaiÎon of roughness factors using cycl ic vollammelry

is not free from assumplions or controversy. A more lhorough atlempl

lo eliminale charge associaled wilh faradaic reaclion would most likely

result in a lowerÌng of the roughness factors presen-led in Table 1' The

aulhor, however, used a consislant technique to determine roughness fac-

tors, so thal -lhe va I ues recorded are of va I ue, al I east, i n a comPara-

live sense.
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ln the preceding chapter of lhis thesis it was concluded thaf the

technique of chronopolenliometry was insensitive to minor elecfrode

surface defects. The use of cycl ic voltammetry to study hydrogen atom

adsorplion on sol id melal electrode surfaces has been shown to be more

sensitive to surface defects than chronopolenliometry' as was expecled.

This was supporTed by the measurement of roughness factors greater than

unily.

. The lowness of the measured roughness faclors of prepared platinum

electrodes suggests that a roughness faclor of unity is atlainable with

due care. This is the belief also of a number of researchers '3-6'16

I
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GENERAL INTRODUCTION

The fheory of double layer capacitance is discussed in Chapter 1.

The purpose of lhis chapter is to describe -lhe techniques employed to

measure the double layer capacitance. Various techniques, such as sine

Wdve ¿r I lernaf i ng currenl, and charg i ng lechn i ques us i ng Square wave

currents or constant currenl pulses have been used to obtain data

which is converted in-lo capacitance and resislance elements of the

double layer on the basis of simple RC analogue circuits.

The mercury/aqueous electrolyte solution interfacial capacitance

has been measured by a multilude of researchers, and considerably re-

vi ewed. For th i s syslem, exce I I ent i ndependent agreement was found

for the properlies of the interface calculated from surface tension

data and electrocapi I lary theory, and lhose fÉom differential capaci-

tance measurements. 
l Literature, however, i s I acki ng whereby lhe d i f-

ferent techniques of obtaining double layer capacitance for sol id elec-

lrode/electrolyte sol ution inlerfaces are direclly compared.

The essenlial ly independent Single Current Pulse2 and Allernaling

Currenl lmpedance (4.C. lmpedance)3 melhods have been used lo measure

the double layer capacitance assocîated with lhe solid electrode/elec-

trolyte solution Înterface. The aulhor seeks here to bring the -lwo

melhods mentioned above into comparison from fhe point of view of data

acquisilion as appl ied to the sol id eleclrode/electrolyte solution inter-

face.
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SINGLE CURRENT PULSE METHOD

INTRODUCTION

For a syslem of electrodes at equilibrium, maintained at a con-

stant potenlial, the application of a single pulse of curren-l will

perlurb the system, causing a resultanT change in potential. lf the

electrodes are properly selected, such that the reference eleclrode is

non-polarizable, then lhe resulfant change in potential wi I I occur across

the working electrode.

lf lhe electrode/electrolyte solution interface behaves as a

simple RC circuit, as in Figure 1a, then the capacitance of the system

can be ca I cu I ated.

The most common way of determining côpacítance using single cur-

renl pulse measurements was dubbed lhe Two Point Linear Approximation

Melhod. ln this method ¡l is assumed that the parallel resislance is

infinite, and that lhe capacilance, C, is related to the applied cur-

rent, l, and the rate of change of lhe eleclrode potenlial, dv/dt,

accord i ng lo the eq ua-l i on

C - l/(dv/dt) t1l

When the effective paral lel resislance is finite, the above method

wi I I yield erroneous capacitance values. The effect of a finite paral-

lel resisTance wi ll be to retluce the potential change as a f unction of

time. The resultant potential-lime response of lhe electrode sys-lem

will be curved, and nol linear as expected from equation Il]'
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Simple rnodel of the electrode/electrolyte solution
interface consisling of a capacitor and resistor in
ser i es.
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The author adapted a polynomial least squares curve fitling

routine successfully to curved potential-time responses'inorder to

obtain true values of the parallel resistance and capacitance. This

method has not been used previousty by any o-lher researcher.

An independent melhod of obtaining paral lel resistance and

capacilance values has also been used with favourable results.

The melhod atlributed fo lsaacs and Leach4 yi.lds paral lel resist-

ance and capacitance values from a plotof log(dv/dl) against lime,

t.

The results of the Single Current Pulse Method are presented and

discussed for a number of analogue RC circuits.

TECHNIOT.E

Two Point Linear Approximation Method

The earl iest users of the single current Pulse Method used

measuremenls laken from the polential-lime response recorded on

an osci I loscope in an attempï to determine double layer capacitance'

Two suilable points were selecled at the extremes of a highly linear

porlion of the potential-time response, and the slope between lhem

taken to be the rale of change of lhe potential, dv/dt. From the

knowledge of the applied current, l, the capacitance, C, was deler-

m i ned us i ng lhe equaÌ i on

c - l/Qv/dt) tll
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This melhod wi I I yield unambiguous capacitances only when dv/dt

is a constant. This will only be the case when the parallel resistance,

associaled with the electrode/electrolyte solution interface, is in-

f in i le.

PoTgnomiaf Least squares Curve Fit Method

ln the case where the electrode/electrolyte solution interface

possesses a finite paral lel resistance, it wi I I no longer be possible

to delermine a true capacitance using equation [1], since dv/dt will

no longer be a constant.

Lel us now look at how C, I , V and t will be related fo a f inite

in Figure 1b..paral lel resistance as PortraYed

At t=0 , before the current pulse is fired,

equi I i brated, then l" = 0, and the capacitor wi I I

potential {.

i f the system i s

be charged to a

At l=O+, at the triggering of the current pulse, all lhe current

must flow instanlaneously through the capacitor lo eslabl ish a polen-

lial difference across lhe capacitor to enable current to flow lhrough

the ci rcuit.

From Figure ib it musl be true that

Va=tl+V* lz)

+
R

and I c

P

= constant [3]
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Diffcrcn-fialing with respect to time we get

ôVc

TT-

ou*,

TT_

ou*,

ôr

*l= o =

ôlR

ôr

ôlc
ôr

- 6(r
TT-

ôv^

c' ôl

( s i nce tl = constanl ) t¿l

and +

6r
R

öt

It wi I I be true, by definition, that

t5l

tol

c- |

ôV
or t c/c

c
ôr

u*, =

rrom [4]

Now, s i nce

6V
Rp

c/c trl-õt

R
RP"

ou*, 
^ ôrR

-- Tt -"pTt



4.6

rronr [5]

From [3]

ou*,

ôr tBl

Equaling equations [7] and [B] we find

tc/

- 
(1/l

6Ln
C

Lnl

Ln

C

ôlc
lôr

e =-

Rpc

1

R-Cf'

1

s-.

I
c Rpc

xðt

* constant

+ I-nl

tel

At t=o , Va=ü and lc=o-
+

At l=O-, lC=l which upon substiluling inlo [9]

- 
cons-lant = .Lnl

-l
'Ln Rpc

-t
ç0

/l = exp -rl
F;-.J [1 o]

l.-

RC



Subst i tut i ng i nlo [1 0]
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-l 1 -exp

= r - exp[-*]

So

ln

T

R

exVR = *r[t -

I,
ñ'

+2
þ

p

t-îdl

t+.1

t
R-r'

lf t < RrC lhen

From [2]

lRptt +2
V

R 2

+ t

+

[1 1]

*tr-"'f

2 3
+

Vr=tl+V*

2 +V
6C

=,ir*þ- l*

ñ'



4.8

Equation [11] is of the f orm

V c
+ A,l + nrt2 + nrt3 +A

0

which states that the potential drop across fhe double layer capaci-

tance will be a polynomial f unction wilh respecT to time, t.

The derívation of equation [11] shows the val idily in using a

polynomial least squares curve fitt¡ng routine lo extract values of

R and C from the recorded potential-time response of a system rep-
p

resenfed by Figure 1b.

From equaf ion [11] it can be simply shown lhat equation f 1] wil I

result from the special case of Rp =-, as expected'

fsaacs-Leach I'og (Lv/Lt) PJ-ot Method

For an electrode/electrolyte solulion interface that can be

represented as a resistor and capacitor in parallel, then, for a

constant current, l, the voltage drop across the circuit will be

given by the equation

! = lR(l -e -tlcR 112)

Differentiation of [12] gives

dv I -tlcRF=õ""

which can be exPressed.in the form

'"'[:+] 
-,"nFJ #'#, [13]



A plot of log

1/ Q.303RC) , and an

4.9

iql aqa i nst t ime, t ,Id-lt

intercept al t=O of

should give a sloPe of

4
log

t¿l

Dyer and Leach showed that the same method could be used to

distinguish mulliple RC nelworks, as long as each time constant for

the RC networks differed by at leasf a factor of ten.5

I NSTRI,'VIENTAT ION

Figure 2 schematical ly depicls the instrumentation used for the

single current pulse measuremenls. Each secTion is discussed below'

Asingled.c.currentpulsewasappliedbetweenlhecounter

electrode and the working elec-lrode us ing a coilstant current source

designed and bui lt within the chemistry Department Eleclronics

^rnWorkshop- after lhe design of Riney, Schmid and Hackerman.' Fur-

ther specifications of fhe device are obtainable from Reference 6'

The current applied to the cell was nominally 1, 2 or 4 mA. Calibra-

tion of the currenl was made for each series of measurements from the

measured potential drop across an accuralely known resistor. The length

of lhe currenl pulse could be varied from 0.'l ms to'10 ms'

The working electrode was polarized with respect to an auxil lary

eleclrode using a ballery powered variable potential source. The

working electrode potential was monilored relative to lhe reference

electrode using a high inpul impedance Kiethley lnslruments 602

Eleclrometer. For measurements made on pure resislor-capaciTor



MEASUR I NG

CIRCUIT
CONSTANT
CURRENT
SOURCE

POLAR I ZER

CÔNDITIONER

FIGURE 2. lnstrumenlalion used for the Single Current Pulse Method
using 4 electrode system: working (W); counter (C);
reference (R); auxi I I ary (A) .
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circuits, results were independent of the polarizing potential and,

hence, the polarizer was noÌ required in lhose experiments.

The potential-time response of the cell was recorded using a Data

Lab DL905 Transient Recorder, and visual ly fol lowed using a Tekfronix

434 Storage Osci I loscope. Data stored in the Transienl Recorder was

accessed and manipulated via an inferfaced Hewlelt Packard HP85 Compuler

us i ng an ori g i na I compuler Programme. The computer programme dev í sed

enabled selectivity of data to yield capacitance and resistance values

in accordance with lhe lhree techniques menlioned previously.

SERIES RESISTANCE CCD{SIDERATIONS

The series resistance between the workin$ and reference electrodes

will show up in the potential-time response of the cell as an initial

potential jump prior to the charging of the double layer. ldeally,

lhe magnilude of this initial jump will be given by the product of the

applied current and the series resistance. This initial potenlial iump

and the electrode potential was successful ly compensated for using a

d.c. polarizing source so th¿¡t the potential-time response could be

optimized to yield accurate values of the paral lel resislance and

ca pac i ta nce .

ll was found necessary to reduce lhe series resistance between

the working and reference electrodes in order to reduce the value of

the RC element associated with the series resistance and inherent capa-

citance of lhe connecting cable and leads. lf this RC element were

allowed lo be suf f iciently large, then it could interfere with the
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identification of the RC element associated wilh the double

The effect of lhe non double layer RC element is an inilial

of the po-lent ia I -t ime curve.

I ayer.

bend i ng

The series solution resistance was minimized using eilher a luggin

capi I lary or a close contact, low resislance electrode probe.

ln The case where a luggin capillary was used, it was necessary

to use a voltage follower belween the high impedance reference elec-

trode and the 1 MCI inpul impedance of the Dala Lab DL905 Transient

Recorder before true capacitances could be delermined.

RESULTS AND DISCUSSIO.I

From the results presented in Table 1 it can be seen that the

Single Current Pulse Method can be used to accurately determine lhe

resistive and capacitive components in double layer analogue circuits'

The resistive and capacitive componenls have been measured

accurafely using lhe lsaacs-Leach Log(^V/Al) Plot Melhod, and lhe

Polynomial Leasl Squares Curve Fit Method. Both methods yield very

simi lar results. The determined paral lel resistance and capacitance

values correspond to those of the analogue circuits within the quoted

experimenlal error in al I but a few cases'

For the single RC component systems, circuits 1-4, only for

circuit 2 is lhere poor agreemenl between lhe measured and expect-

ed value for the paral lel resislance.



Table 1

Capacitance and resistance
determined for double layer analogue circuits

using lhe Polynomial Least Squares Curve Fit Method
(Polynomial Mefhod) and the lsaacs-Leach Log (^V/^t) Plol Method

(Log (^V/At) Plot Method)

Circuit
Number

Ana I ogue
Circuit

lvF

lb¡F

looorl-

ßPç

.o-r).

l6PF

JL

Capac i tance
¡rF

16.-71 ! .12
16.141 .10

16.01 ! .20
16.21 I . l0

16.98 ! .59
16.631 . 18

Res i stance
n

619 ! 320
500 I 81

95.91 15.0
108.915.8

0.9651.011 10761 110 PolYnomial

Melhod

Log (AV/^l) Plot
Polynomial

Log (AVlAt) Plot
Polynomîal

2

z

4
9.47 ! .16
10.20 ! .53

Log (AV/^l) Plot
Polynomial

A

o.33tF l6¡F

6

lôo.o-ru

þ/F

A

A 0.184 1.010 94.9!3.6
B 1ó.58 I .85

(AV/At) Plot
(^V/^l) Plot

Log (AV/At) Plot
Log (AV/^t) Plot
Polynomial

Lo
Lo

g
g5

AO
BO
BO

.301 I

.931 !

.987 !

264.2 ! 1 .1
704 L 93
913 ! 59

.002

.024

.016
6

loùofl

ß

trF
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It must be remembered here that the magnitude of fhe parallel

resistance determines lhe curvature evident in the potential-time

response. The lower the value of the paral lel resistance, the

greater wi I I be the curvalure of the potential-time response over

a fixed time domain. This effect ís evident in Figure 3. The

accuracy of measurement of the paral lel resistance is relaled lo

how much curvature there is in a particular potential-time response.

lf lhe curvature is low, then accuracy of determining the parallel

resistance wi I I also be low. Therefore, the accuracy of determining

the parallel resislance will be greater for smaller resistances when

measurements are made over the same time domain. For systems with a

high paral lel resistance component, it is necessary, therefore, to ex-

tend the time scale of measurement so as to maintain a reasonable level

of accuracy.

ln Table 1, all measurements were made over a time domain of

2OO ¡rs or 5OO ps. The agreement belween the measured and expecled

parallel resistance is markedly improved by increasing the time domain

to 5OOO ys. For a time domain of 5OOO ps, the resultanl parallel re-

sistance derived for circuit 2 was found to be 8761 153 CI using lhe

lsaacs-Leach Melhod, and lO2B f 53 Q using the Polynomial Least Squares

Cruve Fil Method. This is in good agreement wilh lhe expected value

of 1000 Q.

The value of the paral lel capacitance is determined from the

initial portion of the potential-time response which inherently is

a region of low curvature. The accuracy of determinalion of capaci-

tance using lhe lsaacs-Leach and Polynomial Least Squares Curve Fil
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Methods is lherefore reasonably independent of fhe curvature of the

potential-time response and, hence, also of the value of the parallel

res i sta nce .

The Two Poinl Linear Approxímation Method will obviously give

accurale capacitance values only for extremely I inear potential-time

responses. As such, this method was not discussed here, but is dis-

cussed in Chapter 5, where it is applied to real systems.

For fhe dual RC component systems, circuits 5 and 6, the results

show that the lsaacs-Leach Method can be used to dislÌnguish between

various RC componenls for RgCgÞRnCR. Good agreement was achieved for

circuil 5 where R'CU=4B0xR^CO, bul agreement was not as good for cir-

cuit 6 where RBCB=30xR^C^. The lsaacs-Leach Method is a powerful

means of separaling real RC elements, and delermining suitable time

domains to delermine accurate values for paral lel resistances and

capacitances. This Ís clearly seen in Figure 4.

l-f is evident from the results presented here that the inves-liga-

lor of an unknown system, with an unknown number of RC elements, needs

to apply the method of lsaacs and Leach4 to distinguish the number of

such elements and the suitable choice of a time domain for measuremenls.

When the number of RC elemenfs and the desired time domains have been

d iscerned us i ng the I saacs-Leach lt4elhod, then, and on I y tþen, cou ld

one expect to determine unambiguous capacitance and resistance values

using a polynomial curve f ilting procedure as that used in the Polynomial

Least Squares Curve Fit Method.
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ALTERNATING CURRENT IMPEDAÎrcE METHOD

INTRODUCTION

Akin to lhe method widely used for polarography with superimposed

alternating voltage on mercury eleclrodes, a small a'c' signal was super-

imposed on a lriangular voltage sweep to measure the a.c. impedance of

sol id eleclrodes.

This measured impedance is general ly interprefed assuming the

eleclrode/eleclrolyte solution interface to be equivalent to a resist-

ance and capacilance in series. This is equivalent to assumÎng an in-

finite res¡stance in paral lel with the capacitance, which is the proper-

ty of an ideally polarizable interface'

For a system that i s equ i va I ent to a res i'sta nce, R,

capacitance, Cr, in series, lhe lotal impedance, Z, wi I I

uy7

, and a

be given

Z=R + [14]
S ir¡C

Therefore

1

Z +R
S

ûlC

itrlC
"S

ir.uC

1+ir¡CR" SS

+
^2c2R

* ,2c2

J S5 S

R2
SS

where r¡ is the angular f requency of the applied a.c. signal.

[15]



A lso

Therefore

From equation [18]
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| =+ ltol

t17l

The real component of the current, lO, will be given by

vr2c2n
SS Ire]

1 + u2c2a2SS

and the imaginary component of the current, ln., will be given by

0

r¡VC
lqo

t + u2c2a2SS

Its1

l20f0
vr2c2RSS

90
Vt¡C

t¡C R5S
S

u12c2
s

R
s

o l * 
^2c2R2SS

S
c2

S

2
(¡)

^2c2aS

R

V

S

I + 
^2c2R2ss

R
S

,2c2
s
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V

^2c2n2SS

-'I

irl

+1

V

R +1
S

V 121f

lzzl

R 1+
S

Upon rearrangement of equation l2l] we get

V
R

S

From equation [19]

Therefore

I + u2c2n2cc

= '.?0, r+^2c2a2)V(r) SS

r¡VC
S

tl9

c
S

lgo

Vt¡
lT)
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For a system, however, that is equivalenl to a resistance, Rp,

and capacitance, CO, in paral lel, the total impedance, 7, will be

.7grven Dy

-1Z= ((.l/Rp)+ioOp)

+ jrrrC1

7

lzq)

l25l

126f

127)

12Bl

Therefore

Also

R
P

p

V

z

=Vx + jrrrO
R

p P

The real component of the current, lO, will be glven by

which rearranges to give

, wi I I be given by

0
V

R
p

V

6R
p

The imaginary comPonent of the current,

90
= Vr¡C

P

90

lzef
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which rearranges to give

p
I no/Yu

It should be noted here thal other analogue circuils are also

possible. Such analogue circuits may involve combination of simple

series and paral lel circuits or conlain a warburg impedance. The

other simple system of inlerest lo these studies is the combination

of a resistance, Rp, und a capacitance, CO, in parallel, along wllh

a resistance in series, Rs.

The applicability of a given analogue circuit, however, can be

lested by plotting the complex-plane impedance spectrum for the ana-

logue c¡rcuit, and comparing it with the expenimentally obtained

complex-plane impedance speclrum. The requirements for such a

speclrum are that the real and imaginary impedances are determined

as a function of the frequency of the applied a.c. signal. The dis-

tincliveness of lhe spectra for various analogue circuifs is seen in

Figure 6, and also in Figure 3 of reference 7.

C []ol
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I NSTRI-I4ENTAT I ON

Figure 5 schematical ly depicts the instrumentalion used to

determine capacitances using the A.C. lmpedance Method. Each

component element is discussed below.

A small a.c. potential was taken from the internal oscillator of

a PAR Model 122 Lock-ln Amplif ier, and added to a d.c. triangular voll-

age ramp taken from a PAR 174 Polarographic Analyzer. The frequency of

fhe applied 10.15 mV RMS a.c. signal could be selected from 5 hz to 50,000 hz.

The scan rate of the d.c. triangular voltage ramp could be allered from

0.1 mV/s to 500 mV/s. \

The signal was applied potentiostatically to lhe cell via the

PAR | 74 Polarographic Ana lyzer, and the cel I iesponse monitored

through a pAR Accessory 114/50 A.C. Polarographic Analyzer lnterface.

The d.c. potential response of the cell was monitored using a

Data Precision 3500 digital voltmeter.

The cell output current was monitored through the PAR Model 122

Lock-ln Amplif ier, which has phase angle selecf ivity. The output a'c'

componenl of the current at selected phase angles or the d.c- component

of the current were recorded as a function of potential using a Houston

lnslrumenf Omnigraphic 2000 X-Y Recorder.



POTENT I OSTATS I GNAL

GENERATOR
CELL

VOLTMETER
LOCK- I N174

I NTERFAC I NG

DEV ICE

RECORDER
LOCK- I N

AMPLIFIER

Figure 5. lnstrumentation used for the A.C. lmpedance Melhod.
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SERIES RESISTANCE CONSIDERATIONS

It is mosl common to interpret the double layer as the equivalent

of a resistance and capacitance in series using equations [22] and

l?). From equation l23l ¡t is obvious that the magnilude of the

correcfion faclor, f 'O l', wi I I affect the accuracy of determinalion

of the measured ."oiþ,g¿r.". For this reason, it is desirabte that

lhe resistive component current be minimized'

The reduclion of lhe resislive component currenl was effected in

lwo ways.

Firstly, the series resistance befween lhe working and reference

electrodes was lowered. This could be achieved by using either high

electrolyte concenïrations or a luggin capil låry to bring the reference

electrode physically closer to the working electrode.

secondly, iR positive feedback could be used lo compensale for

the iR drop through the solulion, hence reducing the resistive com-

ponent of the currenl. The use of such a method is commonly practised

even though lhere appears lo be some uncerlainty concerning lhe correct

procedure of applying iR compensal¡on.8

The author used the PAR Accessory 174/50 A.C. Polarographic

Analyzer lnferface to apply iR compensalion to the cell through the

PAR 1-74 Polarographic Ana lyzer. The technique used, described else-
o

where,' "tployed 
lhe gradual appl ication of posilive feedback unli I

The current response began lo osci I lafe. The feedback was then set

at a point just before oscillation would occur, to give maximum iR

compensat i on .
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RESU_TS AND DISCUSSION

From the resulls presented in Table 2 iT can be seen -lhat lhe

A.C. lmpedance Method can be used to accurately determine the resisf-

ance and capacitance elements in simple double layer analogue circuils.

Figure 6 shows the distinctiveness of the complex-plane impedance

spectra for the series, and parallel combination of a resistance and

capacitance. ll is evidenl lhat the analogue circuit for the electrode/

electrolyle solution interface should be discernable from its complex-

plane impedance sPeclrum.

It must be mentioned here thal the method used lo apply iR

compensation presumes that 1O0% iR compensation is appl ied. This

may not be the case, however, as the techniquè uses a somewhat

arbilrary sefting of the appl ied compensation. This fact is the

basis of fhe uncer-lainty concerning lhe correct procedure of apply-

ing iR compensation. A device is now available that KuoS claims is

able to accurately applV lo}dp iR compensation. The exact amount of

iR compensation applied need no-l concern us here, though, because the

aulhor found the measured capacilances lo be independent of the extenl

of lhe appl ied iR comPensation.



Table 2

Capac ilance and res i slance
determined for simple double layer analogue circuits

using lhe A.C. lmPedance Method

Ana I ogue
Circuif

lkr¿

lk¡z

lKlt

2ktl:

F

\k¡r

Frequency Capacitance Resislance
hz ¡tF f¿

1 000

1 000

1953

.0.91

0.90

o.41 1 000

400 o.46 960

40 0.95 968

20

40

400

40

40

400

20

968

l,rnF

Ë4
a'*1¡F

lkst-

F

lxsu

t,yF

lk.fL
400 0.94 995
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CONCLUSION

From the results presenled here, if the eleclrode/electrolyte

solution ínterface for parlicular systems can be represenled by a

símple RC analogue circuit, lhen, use of the single current Pulse

Method and lhe A.C. lmpedance Melhod should enable determination of

the appropriale analogue circuit, and yield accurate capacilance values

The two methods are quite independent in their appl ication, but should

be able to yield the same results for idenlical analogue circuils'

The Single Currenl Pulse Method will provide rapid evalualion of

the appropriale analogue circuil from a single measurement using the

lsaacs-Leach Log(^V/^t) Plot Melhod. Both the lsaacs-Leach Log(^V/^t)

plot Melhod and lhe Polynomial Least Squares Curve Fit Melhod should

enable accurate determination of lhe capacitarice and parallel resis-

tance of lhe electrode/eleclrolyte solution interface.

The value of the capacitance determined using lhe A'C' lmpedance

Method, on lhe other hand, will be very sensilive to lhe equivalent

analogue circuÎt selecled. This slresses the importance of using

complex-plane impedance plots to determine lhe appropriale equivalenl

analogue circui-l before calculaling the capacilance.

The resu I ts presented here suggesl lhat there shou I d be enough

information oblainable from the Single Currenl Pulse Method and the

A.C. lmpedance Method to say something definite about the appropriale-

ness of various equivalenl analogue circuils for the electrode/eleclroly-le

sol ution i nterface.
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INTRODUCTION

The Gouy-Chapman-stern (GCS) model of lhe inlerface has been

exfensively used lo interprel data obtained for lhe mercury/electrolyte

solution interface.. The apparent success of the model for the mercury

electrodc resulted in il also becoming the model used lo describe the

solid metal/electrolyle solution interface. The model has iIs limita-

lic¡ns, however, and this is partÍcularly the case when applied to the

sol id melal/electrolyte solulion inlerface, as was díscussed in Chapler

1 of lhis thesis. The simplicity of the GCS model, while making il use-

ful in treating interfacial dala, is too sÎmple to provide reasons as lo

why differenl sol id melals, and even different crystal faces of the same

metal, show different behaviour.

ll is a wel l-documented truth Thal crysfal lographic structure of

fhe metal surface influences the double layer capacilance. This is

clearly shown in a recent review by Hamelin et al.1 lt is lrue, how-

ever, that most work of a practical nature involves polycrystal I ine

electrodes. lt is necessary, lherefore, to maintaÌn an overal I balance

between investigalions uing single-crystal and polycrystal I ine,elec-

trodes, so that lhe advancemenl of double layer lheory from accumulated

dala will ultimalely manifest itself in the everyday world. The work

presented here has been based solely on the use of polycrystal I ine

material. lt is expecled, however, lhat further work in lhis labor-

atory wi I I involve single-crystal electrodes.

The resul-ls f rom many sol id mefal/electrolyte soluf ion interÍace

studìes have been presented in I ileralure, in which different eleclrode

surface preparations and measuring techniques have been employed. Al-
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though this is beneficial, the different procedures can cause chaos

and stagnalion unless lhe good experimenlal techniques are clearly

highl ighfed, and the poor experimenTal techniques are exposed'

For example, the investigalion of hydrogen atom adsorption on

single-crys-lal and polycryslalline platinum eleclrodes f rom acid

solution is an area where much conlroversy has arisen due to differ-

enl procedures used in preparing fhe electrode surfaces (see chapter

I of lhis thesis). Obviously, lhe data presented by some of lhe re-

searchers has no positive value because of the poor experimental pro-

cedures used to galher the data. The same, undoubtedly, can be said

for some of the double layer capacilance dala accumulaled over the

years. lt will have no positive value because if does not truly

represent wha-l il claims. The advancement of 'the lheory of the double

layer interface can only be impeded by lhe unwilting use of poor ex-

perimenlal dala-

It is noteworlhy lhat a number of differenl me-lhods are currenlly

employed to measure the capacitance of lhe solid electrode/elec-lrolyle

solution interface. ln lhe preceding chapler of this thesis, lhe author

discussed two essential ly independent methods used -lo measure the double

layer capaci-lance of the solid melal/eleclrolyte solulion interface' lt

was noted lhal, if lhe solid metal/electrolyle solulion interface corres-

ponded to a simple analogue circuit, then lhe capacitance determined by

the lwo melhods should be lhe same. The results of those mefhods are

presented in this chapter for aqueous eleclrolytes, and in chap-ler 7

for elec-lrolytes dissolved in n-methyl formamide (NN4F).
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The lwo melhods used by the author were the Single currenf Pulse

Method2 ancl the A.C. lmpedance Melhod.f BoTh methods provide suf f i-

cienl information fo test simple analogue circuils from which lhe

double layer capacitance can be obtained'

on I y lhe behav iour of one system i nvesti gated, the p I at i num +

o.oo1M NaNO, + H2O system, failed to conform lo a simple analogue

circuit. The results for the olher sys-lems studied appeared to

behave in apparen-l conformity lo simple analogue circuits. The

resulls oblained by lhe single current Pulse Melhod and the A.c'

lmpedance Method, however, gave only moderate to poor agreemenf.

A further compl icalion to interpreting double layer capacitance

measurements is in-lroduced by the roughness of' sol id electrodes'

Borisova and Ershl".4 found that lhe frequency dependence of the

double layer capacitance În A.c. lmpedance measuremenfs could be

decreased by effeclively srnoothing the electrode surface by melting

shorlly before making lhe measurements'

A number of resea..h".r5-B have clearly establ ished fhat roughness

of sol id electrodes affecls the double layer capacitance measurements'

ldeal ly, lhe sol id electrode/eleclrolyte solution inlerface is looked

uponasbeingequivalenTloaperfectcapacitorinserieswithlhe

solution resistance. Measurement of such an ideal system at a number

of frequencies should produce a verlical I Ìne on a complex plane im-

pedance plot. ll was found, however, lhat surface roughness caused a

devialion from the ideal behaviour, such thal lhe impedance plane plot

formed an angle to the horizontal be-lween 9Oo and 45o' De Levi"5 tlaim-
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ed thal polishing of polycrys-falline plalinum eleclrodes caused this

angle to approach, but not altain, lhe ideal angle of 90" to the

horizontal. When this angle is close lo 90o, then the determined

capacitance wi r r be equal to the double layer capacifance.T

The aulhor would like to point out here a further complication

in fhese studies that can arise, making lhe effects of surface rough-

ness and a para I lel resis-lance componenl hard to d.istÎnguish. Figure

1 shows an examPle of the complex plane impedance spectrum oblained

for lhe sol id metal electrode/electrolyte solution inlerface. ln

Figure 1a, lhe dala has been filled by a straighl I ine making an

angle of J4" to the horizontal. ln Figure 1b, the data has been

fitted by an arc of a hemi-circle. The interprelalion of Figure

la mighl be that lhe interface behaves as a cápacitor in series with

the solution resislance, with dÌstortions due lo surface roughness.

The inlerpretation of the same system as represented in Figure 1b

would be lhaf of a capacitor and resistor in paral lel combined wilh

the series resisïance of the solulion-

The aulhor found lhat complex plane inrpedance plols were required

at a number of polenlials to give a betler understanding as to the most

likely double layer analogue circuÍl for the system s-ludied. However,

the aulhor has presenled in -ihe fexl only a represenlative number of

complex plane impedance plots - that -ihought sufficient to support the

authorrs choice of a parlicular analogue circuil.
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EXPERIMENTAL

GENERAL

The melhods used to obtain informa-lion in these double layer

capacifance studies, and lhe equipment used, have already been des-

cribed irr Chapter 4 of this -lhesis.

The electrolysis cel ls used in fhese experimenls have been

described in Chapter 2 of this thesis.

ELECTRODES

A standard three electrode syslem was used for the A.C. lmpedance

Method, whereas an exTra auxi I iary electrode was deemed necessary for

the Single Current Pulse Method measuremenls, 'as discussed in Chapter

4 of lhis thesis.

The polycryslal I ine platinum working electrodes used in these

studies have been previously described in Chapler 2. They are the

Tef lon-encased polycrystal I i ne platinum elec-lrode, the polycrystal I ine

platinum disc eleclrode, and the polycrystal I ine plalinum Coftrel I

Cel I eleclrode.

The polycryslal I ine si lver working electrode used in these

studies is depicted in Fígure 2. A polycrystal I ine si lver cyl Ìnder

was encased in Kel-F material, and screw filted into a perspex support

which was kepl oul of conlacl with fhe solulion. Electrical contacf

wilh the si lver cyl inder was made via a brass rod'
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The counter elecfrode used was either the horizontal ly orientated

large platinum disc electrode or a vitreous graphite rod obtained from

Atomergic Chemetals Corporation, New York'

A platinum wire sealed in a J-shaped glass sheath was used as the

auxi I iary electrode Ìn the single current Pulse measurements.

The reference electrode used for all sludies in lhis chapler was

a salurated calomel electrode separated from the electrolysis cel I in

a side-arm of a luggin capillary. All potentials quoled in lhis chap-

ter are wilh respect to this eleclrode'

CLEANING AIÐ PREPARATION PROCEDIJRES

All glassware and Teflon and Kel-F components were rinsed in de-

ionised water, soaked în pure nitric or sulphuric acid, and then rinsed

thoroughly and soaked in milli-Q quality water'

The assembled working cel I was steam cleaned withoul oven drying'

All glassware olher than lhe eleclrolysis cell was oven dried, while

all Tef lon and Kel-F components were air dried on clean Whalman No' 5'

11.0 cm filter PaPers.

The platinum wire auxillary elecïrode and The platÎnum disc

counter electrode were both soaked in pure nilric or sulphuric acid,

and then rinsed and slored in m¡ I I i-Q qual ily water unli I required'
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The polycrystal I ine platinum disc eleclrode and the vilreous

graphite rod were cleaned by rÎnsing in water, and then heating fo

tred ho-it in a f lame. The plaTinum disc electrode was quenched in

pure mi I I ¡-Q qual ity waler, and transferred inlo fhe working cel I with

a droplel of pure waler covering ifs surface'

The other polycryslal I íne working electrodes had their surfaces

polished to a mirror f inish using conventional metallographic lap

pol ishing techniques, using diamond or alumina pasle. The finest

finishes were oblained using O.05 pm alumina paste' The electrode

surfaces were cleaned ullrasonical ly and by rinsing in water, and then

etched Íor 30 seconds in aqua regia. The eleclrodes were further clean-

ed in pure sulphuric or nitric acid, rinsed, and left to soak in pure

milli-Q water unlil required. From The acid c'leaning stage until being

placed into the electrolyte solution in the electrolysis cell, the work-

ing electrode surface was kept covered by pure water, or the eleclrolyfe

of î nteresl.

The polycryslalline silver elecfrode was lap polished using

a I umi na paste, and lhen further cl eaned usi ng a chemica I procedure

simi lar -lo those of Bewick and Thomasrg and Adzic, Hanson and Yeager.10

Aqueous solutions of 20 volume percent of Hrorand 21 g/l of NaCN were

mîxed in a 1:1 ration, and used lo chemically etch the silver surface'

The electrode was held in this solution for a maximum of three seconds'

or unli I gas evolution occurred. The eleclrode surface was then exposed

to air for a brief period, lo allow gas evolution to occur. The elec-

lrode was lhen lransferred into an agueous solulion of 21 g/l NaCN un-

l¡ I gas evolulion ceased. The eleclrode was quickly rinsed in pure
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waler before its transfer inlo the second solution, to minimize con-

-lamination of it with H2O2. This whole procedure was repeated several

times un-li I a highly reflective surface was obtained'

Adzic, flanson and Y.ugo.10 found lhat using such a procedure to

polish silver single-crystals produced surfaces of high enough qualily

fo yield low energy dîffraclion pa-ilerns without further lreatment,

sugges-five of aÌomical ly flat, wel I ordered surfaces'

Further preparalion of the si lver electrode was carried out by

maintaining the eleclrode at a polential of -1.40 volls for more than

one hour in the solution of inlerest. This f inal stage electroreduc-

tion procedure was carried out in all silver sludies reviewed by

Hame I i n, V i tanov, Sevastyanov and Popov - 
1

CHEMICALS

Hgdrochloric Acid (HCL)

B.D.H. Aristar Ullrapure HCI was di luted to lhe desired concen-

tralion using nil I ¡-Q qua I ily waler.

Potassium NjÈrate (KNO 
3)

B.D.H. Analylical reagent was used'

Sodium Chforide (NaCJ)

B.D.H. Analylical reagent was used'
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Sodium FTuoride (NaF)

B.D.H. Analytical reagenl was used after heating 1o more than

45OoC to remove volati le material.

Sodium Nitrate (NaNOr)

B.D.H. Analytical reagent was used.

Water (H 
20)

M¡l I i-Q quality water of > 18 lrl}/cn7

O.22 pn Mill¡pore f ilter was used-

resislance with a final slage

SOLUTION DE_OXYGENATION

The solulion to be invesligated was flushed prior lo measurements

for a period of about one hour, usÎng high PUrity argon gas. Argon

gas was then continually passed over the solution surface for lhe

durat i on of the measurements. An i n- I i ne vanady I oxygen scrubb i ng

system was used, as mentioned previously in chapter 2. This system,

however, did no-f appear lo remove impurities, such as oxygen from lhe

gâs, nor did it appear -lo add impurilies from the vanadyl solulion lo

lhe electrolysis cel I solution. As such, This oxygen scrubbing solu-

tion was nol used in the laller measurements'
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RESULTS AND DISCUSSION

PRELIMINARY RESI.LTS

Prel iminary measurements of capacilance were made on syslems using

waler of inferior quality To milli-Q water. The milli-Q system is des-

cribed elr.*her.,11 and discussed by Rosen and Schuldiner. l2 The in-

ferior water used was equivalent to triply disti I led wafer.

For lhe polycrystal l ine plafinum/1M Hcl /H,o sYstem, the lesser

grade of water did not reflect ilself noticably in the measurements'

The capacitance-potenlial curves were simi lar, and the capacitance

showed a time dependence, whether mîlli-Q water was used or not' The

results presented for this syslem in Figures 3 and 7 were made using

lesser grade water, and hydrochloric acid stock that was only of

Analytical, ralher than Aristar, quality'

For the polycrystal I ine gold/O'010M NaF/HrO system' however'

reproducibl e capacitance-potentia I curves coul d onl y consistentl y

be obtained using mi I I i-Q qual ity water. Although lhis system was

notfurthersludiedbeyondapreliminarystage,lheeffectofwater

quality on results was enough lo convince the author of the necessity

of using high qual ity mi I I i-Q water in double layer capacilance studîes'
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SYSTEM I: Pt + lM HCI + HtO

The Single current Pulse Melhod was used to invesligate lhe

polycrystal I ine plalinum/aqueous 1M HCI interface'

From Figures 3-7 it is evident thal lhe lsaacs-Leach Log (AV/At)

Plo-l Method and lhe Polynomia I Least squares curve Fit Melhod give

excel lenl agreement. The Two Point Linear Approxìmation Method, on

the other hand, only produces fair agreement when uti I izing lhe first

50 us. over time ranges further removed from lhe origin, this latfer

method yields anomolously high capacitance values as lhe deviation

f rom I i near i-ly of the potenl ia l-l ime trans ienl becomes more accenlua-led '

This.effect is clearly shown in Figure 7. The Two Point Linear Approxi-

mation Method can be used to oblain relative differential capacilance

values; however, the aulhor sees no value in dsÎng lhis melhod, since

the lsaacs-Leach Log (^V/At) Plof Method and the Polynomial Least

SquaresCurveFifMelhodbolhyieldabsolutecapacitances.

The results of the single currenl Pulse measurements agree favour-

of Roberlron,lSwho used an A'C' Bridge Method' and

rnd Hacker^un,2 who used a Single Current Pulse Methoo'

The resulls presented here are more accurale than those publ ished by

Robertson, and RineY et al '

Table I gives a typical ser of results achieved wilh lhe Single

currenl Pulse Method. For a single polen-fial-lime response curve' a

number of evenly spaced sets of poinls were taken, and analysed using

the Polynomial Least squares curve Fit Mefhod (Polynomial Method) and

lhe lsaacs-Leach Log (AV/^t) Plot Method (Log (AV/At) Plol Method)'
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The calculated uncerlainties in these measurements vary from 0.1% to

1.9% for the Polynomial Method, and f rom 0.1% ¡o 3-2% 'for the Log (AV/At)

Plot Melhod

Tabl e 1

Dependence of capacilance in ¡LF/cm
determined by the Polynomial Method and the Log (^

on eleclrode Potential

Polential/vol ts GrouP A

+0.30 37.95 J 0.50

+0. 40 32.27 ! 0 ,23

+0.50 21.62! O.2B

+0.60 23.83 ! 0.23

+0.70 21 .52 ! 0.34

+0. B0 21 .14 !. 0 .42

+0. 90 22 .91 ! 0 .44

+1.00 -30.08!0.34

POLYNOMIAL METHOD

Group B

31 .91 r 0.58

23.35 t 0. 19.

22.21 ! 0.33

21 .15 r 0. i0
21 .81 ! 0.42

30.46 ! 0.39

LOG (AVlAt) PLOT METHOD

2

V/At) Plot Method

Average

31 .96 i 0.01

32.21

27.62

23.59 ! 0.34

21 .81 ! 0.49

21.75 r 0.01

22.39 ! 0.82

30.21 ! 0.21

Average

38.29 ! 0.31

32.66

28.18

23.11 r 0.00

22.15 I 0.30

21 .29 ! 0.42

21.1110.11
29.18 I 0.09

Po-lent ia I /vo I ls
+0. 30

+0.40

+0. 50

+0.60

+0. 70

+0. 80

+0. 90

+1 .00

Group A

38 .02 ! 0.51

32.60 ! 0.24

28.18 ! 0.38

23 .11 ! 0.23

22.96 ! 0.52

20 .99 I 0.60

21 .18I 0.70

29.24 ! 0.31

Group B

38.551 0.60

23.11 ! 0.23

22.54 ! 0.42

21 .58 r 0.58

21 .63 ! O.49

29 .11 1 0. 3l
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Selection and analysis of another grouP of evenly spaced sers of poinls

for lhe same potenlial-lime response curve provides an Ìnternal check

on data accuracy. The results for lwo groups of points are presented

in Table 1, and these are quite typical for al I the results presented

in this chapter for the single current Pulse Melhod.

ln Table 1, the Group A calculations were made on a sel of points

selecled at 250 us intervals over the range o'f 250 ps to 5,000 ps.

The Group B calculations were made on a set of poinls selected at

250 ys inlervals over the range oÍ 315 ¡ts to 4875 us. The average

of Group A and Group B calculaliong is tabled, and the quoled un-

certainly is the standard deviaTion belween the calculalions' This

standard devialion is typical ly of the order of 1.5% or less.

The average of Group A and Group B calculations presented in

Table I is presented graphical ly in Figure 6'

The capacitance-pofential curves displayed in Figures 3-7 con-

sislently display the same essenlials. Each curve displays a capaci-

lance minimum at +.80V. From this minimum Ìhe capacitance increases

in both lhe anodic and cathodic direc-fions. The increase in capaci-

lance with change in potential is grealest at the potential range ex-

tremes.

From the cycl ic voltammogram displayed in Figure 8, which is

typical for lhís system, lhree major pofential'ranges can be observed'

The extreme cathodic portion is a region of high current due lo reduc-

lion of hydrogen ion producing alomic and then molecular hydrogen'



,i

I
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I
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(z-^4 Fs?)

-o 2 Pot"ntial/Volts

Figure 8. cycl ic vcltammograms of polycrystal I ine platinum in 1M HCI showing

double layer req ion (B); ch lorine evolution reg ion (C) '

hycjrogen adsorPtion region (A);
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The extreme anodic portion is a region of high curren-l due to oxidalion

of chloride -lo produce chlorine. The potenlial region in between the

extremes is the so-called double layer region. ln this lafler region

only would one exspect lo measure true double layer capacitance, un-

a f fecled by fa rada i c react i on '

The high capacitance exlremes of fhe capacilance-poÍential curves

can thus be correlated with the onsef of chloride ion oxidation at anodic

pofentials, and hydrogen ion adsorplion and reduclion at more cafhodic

polentials.

Roberlson noted a time dependence in his capacitance measurements

al fixed potent¡als.13 Theauthor had previously noted that capacilance

measurements were lime dependen-|, often requiring 10 or l5 minutes be-

fore s-lable values were obtained when polycryslalline platinum elec-

frodes t"." ur"d.1 4

Figures 9 and 10 show lhe varialion of fhe capacitance with time

a-l a number of selec-led electrode pofen-fials, de-lermined by the Polynomial

Method and the Log (AVl^t) Plol Method, respec-f ively. At the calhod ic and

anodic potential ex-lremes of +.lO V and +1.00 V, respectively, the capaci-

-lance increased wilh time. ln the vicinity of the capacitance minimum al

+.BO V, lhe capaci-lance showed lîltle lendency to vary at all. ln the po-

-lential regions in belween the extremes and the potential of lhe capaci-

lance minimum, the capacitance tended lo decrease with time. An example

of lhis lalter behaviour occurs al +.60 V.
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Dependence of

Tabl e 2

Paral lel ResÎstance in ohms on time of measurement
at selecled electrode Pofenfials

Time/minutes

PotentiaL/vofts

+0-30

+0.60

+o .80

+l_ .00

4

168

5 6.5 J-0 L5 75.5 t6

124

167

166

116

119

170 164

'lB0

163

178
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The complex time dependence of the measured capacilance was nol

reflected in lhe associated paral lel resislance measurements' Table

2 shows tha-l lhe measured parallel resistance was independenf of the

tìme of measuremen-f. The resul-ls presented in Table 2 correspond to

-lhe capacitance results presented in Figure 10. The resislance was,

however, found to be dependenl upon Íhe electrode polenlial. The

paral lel resisfance waS found lo be low, and increased wilh increas-

ing anodic polarizaf ion.

The effect of lhe magnitude of the curren-f pulse was fested by

measuring the capacitance of an individual syslem using currents of

i mA and 4 mA. The capacitance-potenlial curves were found to be

idenlical, showing no dependence on the current pulse magnitude.

This result shows that the capacitance determi'ned using the Single

Pulse Method is related to the eleclrode potential prior to lhe

firing of -lhe current pulse, and not relaled lo some averaged

potenlial due lo a change in the eleclrode potential during the

appl ica-lion of lhe current. lf the lalter were the case' then lhe

capacilance-potenfial curve would be displaced along the potenlial

axis as lhe current was increased.

Thepolycrystallineplatinum/aqueouslN4HClsyslemwasalso

investÍgated using lhe A.C. lmpedance Melhod'

A lypical anodic potential scan is displayed in Figure 11'

showing the measured oo and 9oo components of lhe a.c. current'

This data was used lo determine the capacilance-potential and

resistance-potenlial curves displayed in Figures 12 and 13,
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respeclively. The resulls were obtained at a frequency of 5 hz using

a potenfial scan rate fo l0 nY/s-

lnlerprelation of lhese results for lhe platinum/1M HCI ínlerface

in terms of a resistor and capacitor in series does not appear to con-

form lo reality. The expected series resisfance should be low in mag-

nitude due to the high eleclrolyte concentration, and also independent

of the polarizing potential. Figure 13 clearly shows that neilher of

lhese criteria are met as the calculated series resislance varies from

96 ohms al +0.30 volts up to 569 ohms at +0'95 volts'

Figures 14 and 15 were obtained using a different polycrystal I ine

platinum electrode. The results show thal both the series capacitance

and series resistance are dependent on the freiquency of the applied

a.c. signal. Figure 16 d¡splays lhe equivalenl parallel capacitance,

which also shows some dependence upon frequency. The complex plane

impedance spectra for these measurements are presented in Figure 17

for a selection of eleclrode potentials.

The impedance'r plane plols made at electrode potentials of +0'30

volts to +0.60 volls are shown in the lower plot in Figure 17' lt can

be seen lhat lhese plots can be approximaled by slraight lines making

an acule angle 0 to the horizontal axis. The angle 0 was found to de-

crease from 84o to Blo upon changing the eleclrode potential from +0'30

volts to +0.60 volts.

Al electrode polentials more anodic than +0.60 volts, the

impedance plane plots become increasingly curved with increasing
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anod¡c polarization. This behaviour is contrasted to the I inear

behaviour af +0.30 volts in the upper plol in Figure 17.

The intercept of the impedance plane curves with the real axis

gives lhe true series resistance. The average intercepl at eleclrode

poÌentia ls of +0.50, +0.40, +0.50 and +0.60 volts is 1 .4 ! 5.2 ohms,

corresponding to a very low series resistance through the solution

between the working and reference electrodes. This virlual zero

resistance is very reasonable, consider'ing the concentration of the

electrolyte and the physical nearness of the working and reference

electrodes due to the use of a luggin capillary'

The frequency dependence of the series resislance shown in

Figure 15 is only an artefact of the non-ideal'behaviour of the

system. lt is evidenl from the impedance plane plols thal lhe true

series resistance can only be measured at high frequencies or found

by extrapolation. The high apparenf series resistance displayed in

Figure 13 was delermined using a low frequency of 5 hz. From the

preceding discussion it is evidenl lhat lhese resulls do not reflect

the true situation, bul ralher reflect the failure of the series re-

sislor and capacitor analogue circuit to perfectly mimic the behaviour

of the polycrystal I ine plalinum/aqueous 1M HCI interface.

From the Single Current Pulse Method it was noted that capacitance

measurements were lime dependent. This lime dependence was investigated

by slowing The potential scan rale in the A.C. lmpedance Method' The

results were found to be dependenl upon the polenlial scan rate select-

ed.
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Figure'lB shows the results obtained using the A.c. lmpedance

Method w¡th a scan rate of 10 mV/s and a lower scan rate' The results

are presented for both the simple series and paral lel analogue circui-ls'

The polenlial scan took 70 seconds to complele al the moderate

scan rate of lo mV/s, and more lhan 12O minutes to complete at lhe

lower scan rate. The low scan rate was achieved by maintaining The

working electrode at a fixed polenlial for a period of 15 minutes

before making measurements. The elecfrode potential was then advanced

in o.10 volt sleps to more anodic potentials. This controlled poten-

tial slepping procedure enabled direct comparison of the A'C' lmpedance

resulls with those obtained from Single Current Pulse measurements using

the same potential change procedure. This comparison is shown in Figure 19'

From Figure 18 it is clearly evident that lhere is a marked

change wilh time in both the-.series and parallel capacitances deter-

mined using the A.C. lmpedance Method'

From Figure l9 it can be seen thal the capacitance-potenlial

curve determined usîng the A.C. lmpedance Melhod has a similar shape

lo that delermined using fhe single current Pulse Method. Al I curves

display a capacilance minimum al +0.80 volts. The magnitude of the

capacitance minimum, however, is some 12qp nigher for lhe A.c. lmpedance

Method than for the Single Current Pulse Method'

Figure 20 shows the resislance-potential curves corresponding to

the capacitance dala displayed in Figure 18. The curves defermined

using lhe A.C. lmpedance Method show lhe effect of time on the cal-
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culated resistance, assuming a sÎmple paral lel analogue circuif- ln

the region of the potenlial extremes, where faradaic reaction is like-

ly lo be occurring, the paral lel resistance showed low values, as one

would expect. The paral lel resistance increased from fhose regíons to

a maximum at +0.70 volts, where any faradiac reaction effects are like-

ly to be a minimum.

The value of fhe parallel resis-lance determined f rom -lhe Single

curren-l Pulse Method, however, was very different from that delermined

using lhe A.C. lmPedance Method.

From the above results and discussion, it is quite obvious thaï

A.C. lmpedance data collected for this system at even moderate scan

rates will not be characleristic of a stabililed interface. lf however,

the interface was al lowed lime to slabi lize, then the system showed a

response lhal was more lypical of what was expecled'

Robertsonl3 ruu=ured the capacitance i n hydrochloric acid at the

minimum with respect to potenlial, employing pol ished polycryslal line

electrodes of differenl apparent areas varying by a faclor of one hun-

dred. He found that the measured capacitance plotted against the ap-

parenl eleclrode area could be fitted by a straight line intercepting

lhe origin. He cited this as evidence that his pol ished eleclrode

surfaces approximaled true planes, within the lechnique I imils to

defecl surface irregularities, and tha-f lhe true electrode capacilance

al lhe minimum was 19ll v]/cn2. This value was used by Riney,

Schmidt and Hackerman2 to no.tal ise their results oblained for

the same system using a single currenl Pulse Mefhod. lt must be
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poinled out, however, thal the results of Roberlson can also be inter-

preted as reflecfing a consistenl eleclrode surface roughness, due to

lhe use of the same polishing lechnique to produce smooth electrode

surfaces.

Table 3 shows the roughness faclors oblained by lhe aulhor using

differenl methods for a number of polycrystal I ine plalinum electrodes'

The first two rows of results presenl the roughness fac-lor as the ratio

of the capacîtance minimum at +o.BO volfs and a normalising capacitance

minimum of either 19.0 pFlcm? or 13.3 vF/cn2. The value of 19.0 yF/cnz

is the value suggesled by Roberlson, whereas the minimum capacitance

recorded by the author was found lo be 13.30 pF/cnz. The final row in

the table presents the roughness factor determined from cycl ic voltam-

melry in sulphuric acid solution, as described in Chapler f of this

thes i s.

The capacitance minimum delermined al +0.80 volls using the

Single Current Pulse Method was 13.30 UF/cn2, 1J-72 yF/cn2, 21 .BO

22
VF/cmz and 21 .52 VF/c 

t 
f o, eleclrodes A, B, C and D, respec-f ively.

The above capacitance mi nima were determi ned from lhe capacitance-

potential curves displayed in Figures 3, 4,5 and 6, respeclively'

From Table j it can be seen lhat beller correspondence of deter-

mined roughness facÌors occurs between the cycl ic voltammetric results

and the capacifance measuremenls using a normalising factor of 13'3'

Even using this as the normal ising factor, the agreement between the

cycl ic voltammetric and capaci-lance reuslts is only moderale'



Tabl e 3

Roughness fac-lors determined by different methods
for ã number of polycrystal I ine plalinum electrodes

E I ectrode

Mel hod

c /19.0mtn

c /13.3mln

Cycl ic VoltammefrY

B

Pl Cottrel I

(.

Cel I Teflon-encased
D

Pt Teflon-encased PtPt disc

0.70

1 .00

i .09

o.93

1.33

2.05

1.15

1 .64

1 .48

1 .13

1 .62

1 .48
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The lowesl apparent roughness factor was determÎned for the

platinum disc eleclrode, witich was -lhe only elecfrode to undergo a

f lame cleaning technique. The other eleclrodes, B, C, and D' all

unclerwen-f standard po I i sh i ng and efch i ng lechn iques.
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CONCLUSION

The capacitance of the polycrystal I ine plalinum/1M HCI

interface was determined using both -lhe Single Current Pulse

Method and the A.C. lmpedance Method. The caPacitance was found

lo have a time dependence that was also dependent on lhe polariz--

ing po-iential. The resultanl capacitance-potential curves were

found to qual ilatively agree with lhose previously delermined by

1z 7
Roberfson, '' and Riney, Schmidt and Hackerman.-

For lhe single current Pulse measurements, lhe Polynomial

Melhod and lhe Log (AV/At) Plot Method were found -lo give almost

identical results. The apparent paral lel capacilance determined

via these methods was found to be independent of lime, but depen-

denl on the polarizing polential. The paral le'l capacitance was

found lo be low, and to increase with increasing anodic polariza-

t ion.

The comp I ex p I ane impedance p lots determi ned usi ng the A.c.

lmpedance Melhod fel I into two basic groups. At cathodic poten-

lials up to +0.60 volts, -lhe data was besl f iÌted by a straight

line making an acule angle of more than 80o with lhe real axis.

The inlerface at lhese polentials is equivalent to a pure capacilor,

with dislorlion due to surfacè roughness. At potentials more ano-

dic than +0.60 volts, the data was best fitted by an arc of a hemí-

circle corresponding to the analogue circuil of a capacitor and re-

sislor in paral lel.
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The capacitances determined by the single current Pulse

Method and the A.c. lmpedance Melhod were found to give reason-

able qual italive agreement, but were consisTently higher for the

A.C. lmpedance Melhod. The paral lel resislances de-lermined by

the methods were dissimi lar, with Ìhe resistance determined by

the A.c. lmpedance Method being considerably greater lhan thal

determi ned by lhe S i ng I e Currenl Pu I se Method '

Roughness factors determined via the cycl ic voltammetric

method and a capacitance normal isation procedure were compared,

andfoundtogiVepoortomoderate.agreementonly.Theplatinum

disc electrode, however, was found to have the lowest roughness

faclor using either melhod-

'. T:
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SYSTEM II: Pt + O.IOOM X + HzO

Pt/0.Jo)M NaCT/H,o

Figures 21 and 22 show -lhe capacitance-pofential curves determined

from A.C. lmpedance measurements for the polycryslal I ine plalinum/

aqueous O.lOOM NaCl interface at a frequency of 10 hz.

Figure 21 shows the series capacitance determined at a moderale

scan rate of l0 mV/s and a much slower scan rate. The slow scan ra-le

was obtained by holding the working electrode at a conslant potential

for a period of 15 minutes before stepping lhe electrode potential by

O.l0 volts to a more anodic potential. A-l all polentials olher lhan

the initial potenlial at -0.50 volts, the capacitance determined at

the slow scan rale was lower lhan lhat delermined at the faster scan

rate of 10 mV/s.

Figure 22 shows lhe capacitance-potential curves obtained al the

slow can rale, assuming the interface to behave as a series resistor

and eilher a series capacitor or a capacilor and resislor in parallel.

The capacilance determined as a parallel capacitance was quite similar

lo that delermined as a series capacitance.

The general shape of al I the capacitance-potential curves is

simi lar. Each curve has a central capacitance hump with a maximum

at about 0.OO volls, and high capacilance extremes.

Pt/)-L00M KNo3/H20

Figures 23=25show the capaci tance-polen-lia I curves delermi ned

assuming simple series and parallel equivalent circuits for the poly-
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crystalline platinum/aqueous 0.100M KNO, inferface using the A.C.

lmpedance Method. The results were oblained at a frequency of 20 hz

The capacitance determined for the series and paral lel analogue

circuils îs quile simi lar, except at the potential range extremes,

where the ralio of the real current and the imaginary curren-f becomes

significant.

The capacitance-potential curves show marked differences between

those obtained at a moderate scan rate of 5 nY/s and those oblained at

a much slower scan rale. The slow scan rate was achieved by mainÌain-

ing the working electrode al a fîxed potential for a period of 12 nin-

utes before taking measurements. The eleclrode polenfial was lhen

stepped by 0. lO volls lo a more anodic polentíal.

Figure 26 shows the capacitance-potenlial curves obtained using

the A.C. lmpedance Method and -lhe Single Current Pulse Mefhod. The

curves were obtained by holding lhe working elec-lrode at a potenlial

for 12 ni nu-les prior to making the measurements. After the measure-

ments, lhe eleclrode poten-lial was stepped lo a new potentlal,0.10

volls more anodic than the previous potenlial. From Figure 26 i-l can

be seen that there is reasonable agreemenT, excepting between -0.40

volls and 0.00 volts, where the capacitance determined using lhe A.C.

lmpedance Method is considerably lower than lhat determined using the

S i ng I e Current Pu I se Melhod.

The pa ra I I e I res i s-la nce delerm i ned

of a capacilor and resisTor in paral lel

for lhe simple analogue circuit

is presented in Table 4. lt
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Table 4

Comparison of paral lel resistance in ohms
calculated from A.C. lmpedance Method al 20 hz

with Single Currenf Pulse Method at various electrode potenlials

-0.50 -0.40 -0.30 -0.20 -0.10 0.00 +0.L0 +0.20 +0.30Potential- /vof ts

Method

A.C. lmpedance

SingTe Curtent Pul.se

1049 5751 1981

95 215 321

5151

389

2815

310

2246

200

2614 3594

259 323

3594

481
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can clearly be seen fhat there is very poor agreement between the

resisfance determined by the A.C. lmpedance Mefhod and the Single

Current Pulse MeÌhod. The resul-ls presented in Table 4 for the Single

Current Pulse Method are those defermined using the lsaacs-Leach Log

( AV/AI ) P I ot Me-l hod .

The general shape of the capacitance-polenlial curves presented

in Figures 23-26 is similar to thal presented for the Pt + 0.100M NaCl

+ H2O syslem, having a cenlral capacitance hump wi-lh a maximum at 0.00

vo I ts.

Pt/ 0 .l-00ùr NaMo r/n ,o
A typical cyclic voltammogram is displaye.d in Figure 21 for the

polycrys-fal I ine platinum +0.100M NaNO, + H2O system. A scan rate of

20 nY/s was used. From the cyclic voltammogram it can be seen that

the potenlial region between -0.60 volts and +0.60 volts is a region

where little oxidalion or reduction occurs, and thus was selecled as

lhe region for double layer capacitance measurements.

The A.C. lmpedance Method was used to delermine the capacitance-

potential curves for lhe polycrystal I ine platinum/aqueous 0.100M NaNO,

i nlerface. F¡gures 28, 29 and 32 were obtai ned using a Tef lon-encased

polycrystal I ine platinum working electrode, and Figures 30, 31 and 33

were obtained using a polycrystal I ine platinum disk working electrode.

From Figures 28-31 it can be seen that the apparent series

capacifance obtained using a moderate scan rate of 20 nY/s is

markedly frequency dependenl.
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5.21

Figures 32 and i5 show lhe series capacilance-potential curves

determined at a moderafe scan rale and at a much slower scan rale.

The slow scan rale was achieved by maintaining lhe electrode potential

constant for a fixed time period before making measuremenls. After

the measuremenls, the electrode potential was stepped 0.,l0 volts in-

creasingly in either a calhodic or anodic direction. The result dis-

played in Figure 32 for the slow scan rale was ob-lained by stepping

lhe potential to an increasingly calhodÌc potential every 10 minutes.

The resulls displayed in Figure 33 at lhe slow scan rate were obtained

by stepping the potenlial 0.10 volls every 15 minules to increasingly

anodic potentials.

Figures 32 and 33 are not directly comparable, but both clearly

show that determined series capacitance is time dependent. The capa-

citances determined at the slower scan rate are consistanÌly lower

than lhose de-lermined al the faster scan rate.

Tables 5 and 6 show the effect of frequency on the capacitance

determi ned, assumi ng a series capacilor or capacitor and resistance

in parallel, for the Tef lon-encased platinum and plalinum disk working

electordes, respectively. The measurements were made for each elec-

lrode at +0.20 volls after the elecfrode had been mainlained a-l that

polential for more lhan 20 minufes. This ensured lhat the measurements

reflected slable values thal were independent of the lime of measure-

menf.

Figures 34 and 35 show the impedance plane plots corresponding lo

the resulls in Tables 5 and 6, respectively. The impedance plane plots
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Table 5

?
Dependence of capacitance in uF/cm-
determined for lhe Teflon-encased

po I ycrysta I I i ne p lat i num/aqueous 0. '100M NaNO.

on f requency at a potent ia I of +0'.20 vo I ts. Sta

Frequency/ hz

5

10

20

30

40

60

BO

120

140

170

190

220

260

500

350

400

i nterface
tic melhod.

Series Capacilance Paral lel Capacilance

28.80 27 .82

29 .61 28.13

28.23 27 .34

26.88 26.02

25.04 24.53

24.91 24.12

24.20 23.35

21 .49 20.72

23.25 22.10

22.75 21.99

22.13 21 .15

23.40 22.08

23.06 22.15

22.75 21 .65

23.56 22.35

22.67 21.76



Tabl e 6

Dependence of capacitance in uF/cnz
determined for the polycrystal I ine

platinum disk/aqueous 0.100M NaNO. interface on frequency
at a polential of +0.20 volfs. Static method.

Frequency/ hz

5

Ser î es Capac i fance Para I

20.59

22.41

22.04

21.63

20.65

21.06

20.82

,20.11
20.10

1 9.85

19.52

19.59

19.25

I8.06

17 .13

14.12

lel Capacitance

20.49

22.31

21.99

21 .57

20.59

20.99

20.72

20.02

19.94

19.71

19 .40

19.37

18.95

17 .70

16.63

13.88

10

20

30

40

60

BO

120

140

170

190

220

260

f00

350

400
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can be fitted by a straighl line making an acute angle 0 with the real

axis. This line intercepts fhe real axis at a value lhat corresponds

to the lrue solutíon resistance between the working and reference

electrodes, since no iR-compensalion was used in this series of

measuremenfs. A I inear least squares besl fit of the data gave

values for 0 of 19.5o and 86.1o, and values for the solution resis-

tance of 15.5! 1.5 ohms and 44.5!2.0 ohms for the dafa shown in

Figures 34 and 35, respectively. The values for The Paral lel capa-

citance in Tables 5 and 6 were determined taking inlo account a con-

stant series resislance taken to be equal to 15.5 ohms and 44.5 ohms,

respectively.

It can be clearly seen that the measured capacitance does show

frequency dependence in Tables 5 and ó. Therë are, however, some

regions where the paral lel and series capacifance is independenl of

the measuring frequency.

From Table 5, the series capacitance and paral lel capacitance

yielded averaged va lues oÍ 28.9 t O .l UF/cn2 and 2B.O 1O .7 \tl/cnz,

respeclively, for the three lowest frequencies. Over the higher

frequency range of 140 hz to 400 hz, the series capacilance and

parallel capacitance had averaged values of 23.0!0.35 VF/cm2 und

2
21 .9!0.4 yt!/cn', respeclivelY.

From Table 6, the series capacitance and paral lel capacitance

was determined over the low fnequency range of 5 hz to 80 hz as

at
21 .3 !0.-l vF/cn' and 21 .2! O.J ltF/cm', respeclively.
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Figures 36-38 show the impedance plane plols for selected

electrode potentials. These impedance measurements were made

using a moderate scan rale of 20 nV/s. All the plots, tyPified

by Figure 38, can be fitled by a straight I ine making an acute

angle 0 with fhe real axis, having a real axis inlercept corres-

ponding to the value of the solulion esistance.

The results al a potenlial of +0.20 volts from the dynamic method

compare quile favourably with the static measurements made afler hold-

ing the working electrode at +0.20 volls for more than 20 ninutes.

Measurements using the Teflon-encased platinum electrode yielded

intercepts of 14.9 ! 2.0 ohms and 15.2! l.B ohms, and angles of 78.0o

and 75.8" for the cathodic and anodic scans, respectively., These

compare well with the static results made witli lhe same electrode

of 15.5 ! .l.5 ohms and 79.5" for the inlercept and angle, respective-

ly. Measurements made wilh lhe platinum disk eleclrode yielded inter-

cepls of 44.2!2.8 ohms and f9.B t 3.2 ohms, and angles of 84.3o and

19.3" for the calhodic and anodic scans, respeclively. The correspond-

ing stalic resulls wiTh the same eleclrode were 44.5 !2.0 ohms and

86.1o. The angle lhe lines made with lhe real axis were a little

greater for the sla-lic measuremen-ls than the dynamic measurements,

ref lecting a c loser correspondence of lhe s-lalic measurements with

the ideal behaviour of a series resislor and capacilor analogue cir-

cu it.

The intercepls of the impedance plane plots were found to be

independenf of the electrode potential and whether the measuremenls

were made dynamically or slatically. The inlercepts differed for lhe

different working electordes due to change in physical parameters such

as the closeness of the luggin tip to the working electrode. This
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slrongly suggests that the inlercepts delermined by the above mefhod

do indeed correspond to lhe true solu-lion resislance between the work-

í ng and reference e I ectrodes.

Figure J9 shows fhe capacitance defermined as a function of

po-lential using fhe Single Currenf Pulse Method. F¡gure 40 contras-ls

-lhe capacitance determined using -lhe Single Current Pulse Melhod wilh

lhat determined using fhe A.C. lmpedance Method at a frequency of 10 hz.

Even though the results presented in Figure 40 were determined on

separafe occasions, the difference between the capacitance-polenlial

curves determined via Single Current Pulse and A.C. lmpedance Methods

cannoÌ be accounled for by experimenlal variation. The basic shape of

lhe curves are distinctly different

The results presented in Figures f9 and 40 were determined using

a poTential stepping technique, whereby lhe eleclrode potenfial was

stepped 0.10 volt in an anodic direction afler the electrode had been

held at a set potenlial for a period of l5 minutes. The resulfs pre-

sen l-ed, therefore, correspond to a slab i I ized eleclrode syslem.

The parallel resistance calculaled using the Single Current Pulse

Method was found to be low, and dependent upon the polarizing potential.

For the capacilance results presenled in Figure 39, the paral lel resis-

tance was found to vary from a minimum of 73 ohms to a maxímum of 480

ohms. The paral lel resistance delermined from the A.C. lmpedance measure-

ments at 10 hz varied from a minimum of 1510 ohms to a maximum of 5140

ohms.
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CONCLUSION

The polycrystal I Îne platinum/O.100M X/H.O system was sfudied,

and results were I'ound to be similar whelher the electrolyte, X,

was NaCl, NaNO, or KNOr. The capacitance-potenfial curves for

this system showed a central capacitance hump wilh a maximum in

lhe vicinily of 0.0 volts, which is currently held to be due to

solvent reorientalion at the electrode ,r.fu.". l5 This system

was also found to consistently show time dependency, requiring

a number of minutes before a slable interface could be obtained'

The complex plane spectra determined using the A.c. lmpedance

Melhod were best fitted by a straighf I ine makÌng an acule angle

with lhe real axis of between 76" and 86o. The solulion resisf-

ance, oblained from the real axís infercept, was independent of

polarizing potential, and whelher lhe resulls were obtained during

potenlial cycl ing of the electrode or not. The spectra were best

fitted by assuming lhe interface lo behave as a pure capacitor in

series vrilh the solution resÎstance. The deviation of the angle

from 9Oo Ìs besl thought of as being due lo surface roughness of

fhe e I ectrodes.

The results obtained via the Single Current Pulse Melhod

were consistenl wílh lhe interface behaving as a capacilor in

parallel wilh a resistor. The value of the apparent parallel

resislance was found to be low, and potential dependenl. There

was poor agreement found belween the results of the Single Current

Pu lse Melhod and those of lhe A.C. lmpedance Me-lhod.
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SYSTEM III: Pt + 9.001M NaNOt + HZ0

The A.C. lmpedance Melhod was used to determine lhe capacilance-

po-lential curves displayed in Figures 41-46 for lhe polycrystalline

platinum,/aqueous 0.00,lM NaNO, inlerface. The dala was measured at a

moderate potential scan rate of 20 mV/s.

The effect of using iR-compensation was tested al a frequency of

10 hz. The results are shown in Figures 4l and 42 for a cafhodic and

anod ic potentia I scan, respect ive I y, assumi ng the i nterface lo behave

as a resistor and capacilor in series. The resulls show that lhe de-

termined capaciÌance was identical wilhin experimenfal uncerla inties

whether iR-compensation was used or not.

Al the highest frequencies used, however, lhe use of iR-compensalion

tended lo increase the measured series capacitance. Since the use of iR-

compensation decreased the degree of frequency dependence of the series

capaci-lance, a constant level of iR-compensa-lion was employed in -lhe re-

sulls presented in Figures 43-46.

The marked frequency dependence of the calcula-led series capaci-

tance is clearly shown in Figures 43-46. Over the low frequency range,

from 5 hz to 30 hz, fhe capacitance-potenfial curves show a minimum al

+0.2O volls for a calhodic scan, and a minimum al +0.05 volts for an

anod ic scan us i ng lhe Tef lon-encased pol ycrysta I I i ne p lali num worki ng

eleclrode (see Figures 43 and 44, respeclively). At higher f requencies,

the curves lessen in magnitude and become featureless.
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Simi lar behaviour was encounlered usíng a polycrystal I ine plalínum

disk eleclrode, with a capacilance minímum at +0.20 volts for a calhodîc

scan, and at +0.10 volts for an anodic scan (see Figures 45 and 46).

This sytem not only shows a strong frequency dependence, but also

a distincl difference between fhe capacifance-potenlial curves oblained

in cathodic and anodic potential scans.

Figures 4-7 and 48 show the represenlative complex plane impedance

specfra corresponding to the capacilance-potenlial curves presented in

Figures 43 and 44, and Figures 45 and 46, respeclively. Both spectra

cannot be simply interpreted in -lerms of the simple analogue circuits

discussed previously. The representative spectra show obvious differ-

ences between fhe response of the Teflon-encaéed platinum, and plalinum

d i sk el eclrodes.

An atlempt was made to ínterpret lhe behavîour of the inlerface

in terms of eleclrosorption of nitrate ion. The analogue circuit used

lo account for lhis behau¡ou.16 is shown in Figure 49a, and fhe expecî-

ed complex plane impedance spectrum is shown in Figure 49b. The fre-

quency corresponding lo the position of maximum negative imaginary im-

pedance on lhe hemi-circle, ,1, is given by lhe relafion

C.R

It can be seen lhat a value for o' and RO delermined from -lhe impedance

speclra wil I enable the delerminalion of the double layer capacilance,

C.

'1 =
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Analysis of lhe impedance speclra presented in Figures 41 and 48

on this basis yielded a value of 140 hz for tr.r., for both syslems. The

value of RO, however, was appro)(imated to be 1020 0 and 30 ll from Figures

47 and 48, respectively. The resultant capacitance was 1.9 yF/cn2 und

50.5 VF/cr2 Ío, the resulÌs presen-led in Figures 47 and 48, respective-

ly.

The very large difference in The capacltance deÌermíned for lwo

polycrystal I ine pla-linum eleclrodes suggests lhat the model presented

in Figure 49 does not correspond at all well lo lhe observed behaviour

of the plalinum/aqueous 0.001M NaNO, interface. IiVhile a value of 50.5

2.
VF/cn¿ is not unreasonable, a value of 1.9 VF/cn'would appear much

loo low to be lhe true double layer capaciÌance.

CONCLUSI ON

Prel iminary investigalions of lhe polycrystal I ine plalinum +

o.oo1M NaNO, + HrO system have been presenled using the A.c. lmpedance

Melhod. The response of this system was complex, and could not be cor-

relaled with the simple analogue circuils previously discussed in Chapter

4 of this lhesis. An allempl to interpreï lhe complex behaviour of this

system in lerms of nîlrate ion electrosorption did nol prove lo be ade-

qua-le.

5
De Levie- allempted lo quantilalively describe -lhe effects of

surface roughness on double layer capacilance measuremenls. ln his

lreatmenl he used a v-shaped groove model to approximale lhe roughness

of sol id me-la I surfaces. From such a treatmen-l , de Levie concluded



q zE

thaT surface roughness effects would become more pronounced in more

dilute solutions. A comparison between lhe resulls oblalned for

0.001M NaNO, and 0.100M NaNO, would suggest fhal some of -lhe complex

behaviour of -lhe d ilute electrolyte syslem was a problem related -lo

surface roughness. The difference in lhe impedance spectra for lhe

plafinum disk and Teflon-encased plalinum electrodes may be a reflec-
-lion of lhe apparent differences in the roughness of fhe eleclrode

surfaces. From the results already presented in Systems I and I I of

this chapter, fhe platinum disk elec-lrode consisfently behaved as iÍ

i-l had a lower surface roughness than the Tef lon-encased plalinum elec-

trode. This, again, is nol inconsîstenl wîth the resulls presented

here, since lhe resulls obtained wilh the plalinum disk show the less-

er deviation f rom what might be expec-fed as roughness d Ístortion of

the response of a capacitor in series with the solution resisfance.
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SYSTEMIV: Ag+X+HZ}

Ag + 0.1-0OM NaNO3+ H20

Figure 50 contrasts the capacilance-potential curve obtaíned via

lhe Single Currenl Pulse Method wilh -lhose oblained via fhe A.C. lmpedance

Method, assuming simple analogue circuils of a resis-lor and capacitor in

series or paral lel. The A.C. lmpedance measurements were made using a

frequency of 5 hz, and a polential scan rate of'10 mV/s. The Single Current

Pulse meôsuremenfs were made by lhe standard potential stepping lechníque,

holding the electrode potential conslant for a period of 10 minules before

stepping 0.10 volts to a more anodic polential.

The results displayed in Figure 50 for lhe polycryslal I ine si lver/

aqueous 0.100M NaNO, interface clearly show poor agreement belween the

capacitance determined using the Single Curreril Pulse Mefhod and the

A.C. lmpedance Method, assuming eifher a simple series or parallel

analogue circuit.

Ag+0.01-Olq NaNO3+H20

Figures 51 and 52 show the capacitance-polential curves cf the

polycrystalline silver/aqueous 0.0lOlvl I'laN0, interface oblainec f rom

A.C. lmpedance measuremenls assuming a simple analogue circuit of a

capacitor and resistor in series. Measurements were made at frequen-

cies of 5, 10 and 20 hz using a conslanl potential scan of 10 mV/s.

A number of features are evident in lhese curves. The general

trend of the capacitance-potenlial curve is a decrease in capacilance

f rom -1.2O,vol-ls to -0.9 volls, f ol lowed by an increase in the capaci-
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fance f rom -0.9 volts to +0.10 volls. The de-iermined capacitance

shows some frequency dependence at the limits of -lhe potenlial range

scanned. The olher obvious features are a capacitance minimum at -0.9

volts, and Ìwo capacitance humps at more anodic polentials. The capa-

citance hump wíth a maximum al -0,J volTs shows a marked frequency de-

pendence. This frequency dependence is more evident in lhe cathodic

scan shown in Figure 51. The olher caPacitance hump, having a maximum

af about -0.4 volts, shows no frequency dependence, The ca-lhodic and

anodic series capacitance-potenfia I curves are simi lar, but not super-

imposable.

Figures 53 and 54 show lhe complex plane impedance plots of the

calhodÌc and anodic scans, respseclively, for the polycrystal I ine

si lver/aqueous O.O10M NaNO, interface al a number of selecled elec-;

lrode polentials. Although measurements were made only al frequencies

of 5, 1O and 20 hz, il is obvious that the complex plane impedance

plo-ls are besl f i-lted by a hemicircle offset along lhe real axis.

This corresponds to the analogue circuit of a series resislor combined

wilh a resislor and capacilor in paral lel. A number of representalive

arcs hav: been drawn in lhe figures lo indicale aPPropriale values of

the paral lel resistance. ln Figure 53, the paral lel resislance has

values of 3260, 2060, 4050,4050 and more than 11,200 ohms at eleclrode

potenlials of -1 .20, -O.JO, -0.40, -0.10 and -0.90 volls, respectively.

ln Figure 54, the paral lel resistance has values of -l4OO and 4770 ohms

al potentials of -0.90 volls and -0.10 volts, respectively. A best

estimate of the real axis intercept of the arcs is]70 ohms. This

corresponds lo lhe value of the solulion resistance between the work-

ing and reference electrodes, since no iR-compensalion was used in

these exper imenls.
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5.38

Figures 55 and 56 show lhe paral lel capacilance-potential curves

calculaled assuming a constant series resis-lance of 170 ohms. Measure-

ments were made af frequencies o1 5, 10 and 20 hz using a constant

polential scan rate of 10 mV/s. The general trend in the capacitance-

potential curves is a decrease in capacitance from -1.20 volts lo -0.90

volls, fol lowed by an increase in the capacitance from -0.90 volfs to

+0.10 volts. Both the cafhodic and anodic curves show a capacitance

minimum at -0.90 volts, and a capacitance hump with a maximum al -0.40

volfs. The frequency dependenl capacitance hump wíth a maximum at

-0.70 volls apparent in the series capacilance-potential curves is

obviously an artefact of the wrong analogue circuit being selected.

There is no hint of such a peak in lhe parallel capacilance-polential

cu rves.

The curves displayed in Figures 55 and 56 also show very little

dependence on frequency. The cathodic curves shown in Figure 55 show

no evidence of frequency dependence, excepting at the anodic extrerne

al +0.10 volls. The anodic capacitance-potenlial curves are idenfical

at frequencîes of lO hz and 20 hz to wi-lhÌn exPerimental error. The

anodic curve at 5 hz is slighf ly lower in magnitude than lhose at

1O hz and 20 hz for potentials more anodic than the polential of lhe

capacitance minimum.

The capacitance minimum at -0.90 volts for lhis system is in-

dependent of frequency and the scan rate direction. Convention would

suggest lhal this potenlial corresponds to the true poTential of zero

charge. However, the cycl ic voltammogram depicted for this system in

Figure 5l clearly shows that this system is in a cons-lant stale of re-
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5.39

duction at potenlials more cafhodic than -0.60 volts. The high

reducfion currenl at cathodic potentials is mosl probably due to

nîlrate ion reduclion. From -lhis evidence, if must be doublful

whether the potenlial of the capacitance minimum al -0.90 volts

truly corresponds fo lhe potenlial of zero charge.

Vilanov and Popov determined fhe potential of zero charge lo

be at -0.90 volts for the single-cryslal silver (100),/aqueous l-10m[4

NaNO- inlerface. However, lhey found a marked concenlralion dependence)
of the potential of zero charge. This same dependence was also observed

by Sevaslyanov, Shlepacov and Kozlov for the polycrystal I ine silver/

aqueous NaNO, interface. The concentralion dependence of the capaci-

tance minimum observed by these aulhors is consistent with the consid-

erable adsorpfion or reduction of nitrale thal'is evidently occurring

in lhe vicinity of the capacitance minimum, as clearly shown in the

cycl ic vollammogram in Figure 57.

Figure 58 portrays -lhe dependence of lhe eleclrode charge on the

polarízation polential for the polycrystal I ine si lver/O.010M NaNO,/H2O

system. The shape of this curve ìs nol affecled by the authorrs as-

sumption thal lhe capacitance minlmum corresponds lo lhe potenlial of

zero charge, but lhe true position of the curve along the potential

axis must be regarded as somewhat uncertain.

Figure Þ9 compares the paral lel capacitance-potenlial curves

determined for the cathodic and anodic scans at a frequency of 10

hz. There îs an evident hysleresis in the curves belween the exfreme

anod ic polential at +0.10 volts and the polen-lial of the capacitance
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F'igure 57. Cyclic voltammogram of polycrys-lalline silver in aqueous O.01OM Nal'lOr. X=0.1. Scan rate= 10 mV/s.
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minimum at -0.90 volls. This

polential curves displayed in

5.40

is also evident from electrode charge-

Figure 58.

Hysferesis in capacitance-potenlial curves is a wel l-known

phenomenon in sol id elecÌrode sludies. ll has been found lhal lhe

choice of the polential range has an effecl on the amount of hyster-

. 17 11
esis. ln a recent arlicle by Hamel in" lhe phenomena of hysteresis

is linked by the author lo reslructuring of the electrode surface atomic

structure. Surface reconstruction is known to occur for gold and plati-
ro 11

num. '' Hurul in, " however, maintained that no reconstruction had been

observed for si lver, as both the cathodic and anodíc capacitance-polential

curves coincided, and there was no greal frequency dispersion for al I media

sludied to that date (1982). The fact thal no silver surface reconstruction

had been observed in ultra-high vacuum stud¡"r18 was also used as supportive

evidence of the unl ikel ihood of si lver surface reconstruction.

The results presented here in Figure 59, however, clearly show

that hysteresis does occur for the polycrysfalline AS/0.0.l0M NaNO3/H2O

syslem, and lhat this phenomenon is I ikely to be connected wilh lhe

reduclion currenf found al polentials more cathodic lhan -0.e, volls,

as shown i n -lhe cyc I ic vo I -lammoEram of F i gure Þ7 .

Ag+0.01-0M NaF+H20

Figures 6O-6f show the series capacitance-potential curves for

the polycrystal I ine si lver/aqueous 0.01M NaF interface oblained from

A.C. lmpedance measurements, assuming a simple analogue circuil of a

capacilor and resistor in seríes.
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5.41

This syslem was found to show considerable dependence upon

frequency. This is evidenl in lhe cathodic and anodìc capacifance-

potential curves presented in Figures 60 and 61, respeclively, for

frequencies of 5, 1O and 20 hz. A moderale scan rale of 10 mV/s was

used in these measurements.

The general trend in the capacitance-polential curves is a

decreasing capacilance from -1.2 V to -0.8 V, fol lowed by an in-

creasing capacilance from -0.8 V to -0.4 V, and a decreasing capa-

citance from -0.4 V to +0. I V.

Figures 62 and 65 show lhe cathodic and anodic capacilance-

potential curves, respectively, obtained at a frequency of 20 hz

using lwo differenT potential scan rates. lt'can be seen that

changing the potential scan rate from 10 nY/s to 100 mV/s resulted

in generally higher capacitances, as well as a shape change in the

capac itance-polentia I curve.

Based on the above observalion, one migh-f be lempled to presume

that this system will yield capacitances that show a time dependence

akin to lhat found for the polycryslalline plalinum,/aqueous eleclrolyfe

inlerface. Upon holding the eleclrode potential sleady al -0-90 vol-is,

however, the capaci-lance measured at 20 hz was found to be independenl

of the time of measurement. I f the pol ycrysta I I i ne si I ver/aqueous

O.01OM NaF interface did require an amounï of time fo stabilize, this

lime must be limiled to lhe few seconds required to make the first

measu remenl.



5 .42

Figure 64 shows the complex impedance plol obtained for this

system mainlained at a consTant potential of -0.90 volts. The plol

of the imaginary impedance against lhe real impedance can be fifted

by a slraight I ine intercepling lhe real axis aÌ a value of 231 !11

ohms. The acute angle made by the I ine with lhe real axis is -13.6o.

The intercept made with the real axis corresponds lo the series re-

sistance through the solution between the working and reference elec-

trodes. Adjustment to impedance measurements for the amount of the

solution resistance simply moves the line to the origin wiJhout affecl-

ing its slope.

The data shown in Figure 64 can also be filted by an arc of a

hemicircle. This would correspond to the analogue circuit of a series

resistor combined with a resisfor and capacitor in paral lel. This is

more clearly borne out in Figures 79 and 80.

Figures 65 and 66 show -lhe complex plane impedance plols of the

cathodic and anodic scans, respectively, for lhe polycrystal I ine

si lver/aqueous O.O1OM NaF interface at a number of selecled electrode

polentials. Allhough measuremenfs were made only a-f frequencies of 5,

'lO and 20 hz, il is obvious that the complex plane impedance plofs are

besl fitted by a hemicircle offset along lhe real axis. A number of

represenlalive arcs have been drawn in the flgures to indicale appro-

priate values of the parallel resistance. ln Figure 65, the parallel

resistance has values of 8150,5820,5080, 5080 and more lhan BB00 ohms

at electrode polentials of -1 .20, -O.JO, -0.40, -0.10 and -0.90 volls,

respeclively. ln Figure 66, lhe paral lel resisTance has values of

8600, 8600, 5150 and 5l5O ohms at potentials of -1 .20, -0.90, -0.40
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and -0. 'lO vo lls, respect ive ly. A best est imafe of the rea I ax i s

intercep-f of the arcs is 415!35 ohms. Since no iR-compensation

was used in lhis serîes of measuremenls, the real axis infercept

corresponds lo lhe solution resistance between lhe working and

reference e I ectrodes.

Fitf ing lhe impedance data at -0.90 volts with a straighl line

for the dynam ic measuremen-ls y ie I ds s lopes of -12.7o and J0.2", and

real axis intercepts of 212!16 ohms and 160!35 ohms for lhe caïho-

dic and anodic scans, respectively. The calhodic scan resulfs compare

favourably wilh the static results of an angle of -/3.6" and a real axis

intercept of 231 + 1l ohms. These real axis interecepls are much lower

lhan lhe polential independenJ 415 ohm intercept delermined by f itting

lhe data lo part of a hemicircle. ObViously, The measurement of lhe

complex plane impedance spectrum at a single potential could by ilself

be misleadîng as to the approprialeness of a particular analogue cir-

cu it.

Figures 67 and 68 show the para I I el capacilance-po-lenlia I curves

calculaled assuming a constanl series resislance of 415 ohms. fVeasure-

ments were made al frequencies of 5, 10 and 20 hz using a constant

polenlial scan rate of 1O mV/s. The curves have the same general

features as the series capacitance-polenlial curves displayed in

Figures 60 and 6J. The curves show the paral lel capacÎlance to be

frequency dependent, lhough lhe curves determined a-f 5 hz and 10 hz

are reasonably similar. There is no clearly defined capacitance mini-

mum in the capacitance-potential curves. The capaci-lance minimum was

found al poten-fials of -0.80 volts to -0.90 vol-is, showing a dependence

upon bolh frequency and -lhe polential scan direclion.
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Figure ó9 compares cyclic voltammograms obTained wilh fhe poly-

cryslalline silver eleclrode in aqueous 0.0'l0M NaF and aqueous 0.010M

NaNO-. l-f can be seen that the general current level is low in 0.0101t4)
NaF, and thaf there is no apparent region of anionic reduclion, as

there is i n aqueous 0.0101t4 NaNOr.

Valelte and Hametinl9 sludied the polycryslalline Ag/O.04OM NaF/H2O

system. The i r capac i-lance-po-lent i a I curves show some frequency depend-

ence, and have a capacitance minimum at -0.94 volts. These authors as-

sumed a simple analogue circuil of a capacilor and resistor in series,

which has been shown in these sludies lo not be the best analogue cir-

cuit. ln this case, however, the use of series capacitance ralher

than parallel capacilance is not likely lo draslically aller the

results. This can be seen from the work presented here for the

polycrystalline Ag/0.010M NaF/HZO system by comparing lhe series

capacilance in Figures 60 and 6J with the paral lel capacitance shown

in Figures 61 and 68. The general shape of the capacitance-potential

curves obfained by the author is similar to lhal of Valelte and Hamel in,

with the capacilance minimum at -0.80 volts to -0.90 volts, which is

slighlly anodîc of the -0.94 volts claimed by Valefte and Hamelin.
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Figure 69. Cyclic voltammograms of polycryslalline silver in aqueous electrolyte solutions:

A. 0.010M NaF, X = 0.005;

B. 0.010M NaNOr, X = 0. l.
Scan rate = 10 mV/s.
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COICLUSION

The polycrystalline silver/0.100M NaN0l/H20 system was briefly

inves-figated using the Single Currenf Pulse MeThod and the A.C.

lmpedance Method. lt was found fha-i there was poor agreement be-

tween the capacilance-potential curves determined using the Single

Currenf Pulse Melhod and the A.C. lmpedance Method, assuming either

a simple series or paral lel analogue circuit.

Typical ly, the si lver/aqueous eleclrolyte interface is assumed to

be equivalent lo a capacitor and resistor in seríes. From the complex

plane impedance specÌra presenTed here, however, it was observed lhat

lhe polycrystal I ine si lver/aqueous 0.010M NaNO, and polycrystal I ine

si lver/aqueous 0.OlOM NaF interfaces were best filted by lhe analogue

circui-l of a series resistor and a resîsfor arid capacitor in parallel.

l-l was only by using such an analogue circuit tha-f one could obfain a

value for the solution resistance that was independenl of both the po-

lential and direclion of potenlial scan.

The capacitance In aqueous 0.010M NaNO, was found lo show very

I Ìflle frequency dependence, but clearly showed hysteresis over a

porlion of the potential range scanned. For this system, a capaci-

tance minimum was found at -0.90 volls that was independent of fre-

quency and -lhe scan direction. Conventionally, this would be forward-

ed as lhe polenlial of zero charge; however, cYClic voltammetric evi-

dence shows lhat lhe electrode appears lo be irreversibly reducing

nitrate ion at this poTential. The current f lowing af lhis potenlial

due to reacfion surely will serve to confuse the true position of lhe

polenlial of zero charge on the eleclrode in the absence of reaction,
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and so the author does not pul forward -0.90 volls as unambiguously

be i ng the poten-i i a I of zero c ha rge.

No known hysteresis in capacitance-potential curves for silver/

aqueous electrolyle syslems had been observed prior to the observation

of such a phenomenon in lhis work on fhe polycryslal I ine si lver/O.010M

NaNO3/H2O system. The observed hysteresis is I ikely to be related lo

the translilion found in the nature of this system as observed using

cycl ic vollammetrY.

20
Recently, the aulhor found that Sevastyanov et al had investi-

galed adsorption and eleclroreduclion of nitrale and nilrite ions on

polycrystal I ine si lver. These authors found thal appreciable reduction

of nifrate ions on silver began at considerabiy more positive potentials

lhan lhe reduction of nitrite ions which began at around -1.00 volls.

These el,eclroreduction results are consis-lenÌ wilh the results of the

writer. Sevastyanov et al also concluded that because the measured

resislance component at a given frequency was nol dependent on the

polarizing potentíal over a particular range in nitri-le soluf ion, then

-lhe capaciTance componenl of lhe measured impedance corresponded lo

double layer capaci-l-ance f or -lhe polycrystal I ine silver + NaNO, +H2O

sys-lem. The measured para I le I res istance f or -lhe po I ycrysta I I ine

silver+NaNOf +HZO syslem, however, was found by the writer to vary

significantly enough for lhe capacitance componenl nol lo be un-

equivocally equated with -lhe double layer capacitance.

During the progress of the wrilerts work, Mi lkowska and Minc

invesligaled lhe adsorption of nitrate ion al the polycrys-lalline

21
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si lver/aqueous eleclrolyte solution inlerface. These auÍhors measured

the differential capacitance of this interface for a number of differ-

enl concentrations of LiNOj. They used fhe me-lhod of Grahame and

22 17
Soderberg," modified by Damaskin et ã1," to defermine adsorpfion

parameters from the dÌfferential capacitance resulls. No men-lion,

however, was made of lhe aclual reducTion of nitrale on silver in lhe

potential range of inferes-f as found by the writer using NaNOr, and by

others using KNO,2O anO ngNOr.24 Mi lkowska and Minc claimed that ni-

lrate adsorplion was weaker al low posi-live charge on silver than on

mercury or gold, bu-l slronger than in the case of mercury at high posi-

tive charge.

ln the light of these claims, the wr¡ler used cyclic voltammetry

lo investigate the potenlial range used by Mil'kowska and Minc, and

found that lhe cycl îc voltanrnogram showed that nitrate was reduced

from an aqueous solution of LiNO, as il was for the sodium and potas-

sium nilrale salts. The wrîter would therefore regard lhe calculations

and conclusions presenfed by Mi lkowska and Minc to be of ques-f ionable

va I ue.

The capacitance-polenfial curves obtained for the polycryslal I ine

si lver/O.O1OM NaF/HrO sysfem were found lo be frequency dependent, and

gave a poorly defined cathodic capacilance minimum at a polential slighl-

ly anodic of the minimum at -0.94 volts found for lhis system by Valetle

and Hamel in.19 Th" gener-al shape and frequency dependence of the

capacîtance-potential curves obtained by the au-lhor were simi lar lo

those oblained by Valel-le and Hamelin. Cyclic voltammograms for this

syslem were basically fea-lureless over lhe entire polenlial range

scanned, indicaling no obvious adsorption or reduction of f luoride



5 .48

on silver. A number of ofher sludîes have also been made using silver

single-crystal and polycrys-falline electrodes in aqueous NaF or KF

25-28sotuTtons, The conclusion derived from those studies was lhaf

specif ic adsorp-lion of f luoride ion is weak or absenl.

ll is of inlerest to nole here that, in lhe vicinity of the

polential of zero charge, fluoride and nìtrale are only weakly

specifical ly adsorbed on mercury,'n ,luoride is only weakly adsorb-

ed on si lver, whereas nilrate is readily adsorbed and reduced on

si lver. Cadmium is another melal that displays the same dual ity

as sirver with regard to f luoride and n¡îrate.30 cerlainly, -lhe

specific nature of the metal must be an imporlant par-l of fulure

theories concerning lhe metal/electrolyte solution interface.

The polycrystal I i ne si I verld i I ule electrolyte/HrO systems yielded

capacitances that showed I ittle time dependence, unl ike the polycrys-

lal ine platinum,/aqueous elecïroly-le systems. Obviously, maintaining

the electrode potenlial conslanl within the region of hysleresis would

result in an averaged capacitance being measured once lhe sys-lem had

quickly equilibrated. Al a po-lenlial outside this region, such as a-f

-0.90 volls, the capacitance determined was found to be independenl of

I ime.
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CONCLUSION

The solid metal/aqueous electrolyte solution inferface was

Ínvestígaled using double layer caPacitance measurements derived

from an A.C. lmpedance Method and a Single Current Pulse Mefhod.

CapaciTance-potenlial curves were ob-lained În 1M and im HCl, 0.1M

NaCl, O.lM KNOI, 0.1M NaNO, and 0.001M NaNO, using polycrystalIine

platinum, and in 0.'lM NaNOr, 0.010M NaNO, and 0.010M NaF using poly-

crys-lalline silver.

The Single Current Pulse measuremenls showed thal the inlerfaces

studied were -lhe equivalent of a capacilor and resisfor in parallel.

The measured resislance was consistenlly found to be quile low. The

capacilance was found lo show a consistent marked time dependence using

polycryslalline plalînum which was no-l presenf when using polycrystal-

I ine si lver.

ln a study of lhis lime dependency of lhe polycrystal I ine

plalinum/HCl interface, lhe wriler found thal, allhough the capa-

ci-lance showed a complex lime dependency, -lhe parallel resisfance

was shown lo be îndependenl of time. ln a recent arficle, McNicol

i1
et al'' looked a-l the înf luence of electrolyle purity on electro-

chemical measuremenls using plalinum electrodes. They concluded from

hydrogen adsorption studies in sul phuric acid lhal plalinum electrodes

adsorbed impurities from the eleclrolyte solution, no maller how pure

lhe solulion was, if the electrode was maintained al a poten-lial within

lhe double layer region for a period of minutes. The accumulation of

surface active impurilies on -lhe platinum electrode wilh time, however,

does not appear To be consislenl wilh lhe lime dependency found in

lhese capacilance measurements. lf surface accumulation of impurilies
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were a dominating influence, then al I capacitance measuremenfs would

be expected -lo decrease wi-ih time. The paral lel resistance component

would also be expected fo decrease wilh lime. Neither of Ìhese effecls

was observed. The paral lel resistance was found to be independent of

time, whi le lhe capacitance increased, decreased, or remained lhe same

with time, depending on lhe particular polarizing potential.

The writer found a time dependence in the capacitance measuremenfs

for polycrystalline platinum in all the electrolytes sludied, for both

the Single Current Pulse Method and the A.C. lmpedance Method. This

time dependence is likely to be relaled to lhe influence of the parti-

cular metal on the electrolyte, rather than due to the accumulation of

surface aclive impurilies.

The use of complex plane impedance speclra was found to be in-

valuable in delermining the appropriate double layer analogue circuits.

Neglecling the series solulion resis-lance, the A.C. lmpedance dala were

consistenl with the interface behaving as a resislor and capacilor in

parallel, or as a capacitor with dîslor-f ion due lo surface roughness

ef fects. Only the polycrystalline plalinum,/aqueous 0.001M NaN0, inler-

face was found lo behave in a complex manner that was not resolved in

the present research. lt is believed by lhe wriler that the complex

behaviour of this system is compounded by surface roughness effects,

which should be more pronounced in dilule elecfrolyte solutions, as

d i scussed by de Lev ie.5

All capacitance data presenled here, and also in Chapter 7, were

given in terms of lhe geometric surface area wilhout correction using
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apparent roughness factors. A number of researchearl'5'19'32 Lur"

discussed the problems involved in using fhe concept of a roughness

fac-lor for polycrystallîne metal eleclrodes. An altempt to correlate

roughness factors determîned from capacîlance and hydrogen adsorption

measuremen-ls for polycryslalline platinum elec-lrodes gave only poor -lo

moderate success,

The capacitance minimum at +0.80 volts for lhe polycrystalline

platinum/HCl system was determined by the writer to be considerably

lower than lhe 19 yF/cmz forwarded by Robertronl3 for bo-lh the plalinum

disc and platinum Co-ltrel I Cel I electrodes. This would tend to suggest

Ìhal lhe surfaces prepared by Roberlson all had a consislent roughness

faclor grealer lhan unity, since lhe plalinum Cotlrel I Cel I electrode

had its surface prepared by mechanical pol ishíng.

The plalinum disc electrode consislently gave results that were

consistent with if having a lower a,pparenl roughness than the other

platinum electrodes. The disc electrode underwent a flame cleaning

process, whereas the other platinum electrodes were mechanical ly

po I i shed and lhen etched. The resu l -ls may i nd i cate -lhat the I atter

process was not as efficient in decreasing surface roughness as lhe

f lame cleaning technique. Anolher possible inlerpretation, discussed

in Chapler 3, is that lhe flame cleaning procedure results in residual

carbonaceous malerial being leff on the electrode surface, which ef-

feclively blocks porlions of the eleclrode surface, and lhus gives i-f

an apparently low surface roughness. The wri-ler canno-l def initely say

that the platinum disc electrode was perfectly clean of carbonaceous

malerial; however, -lhe resulls oblained using fhe platinum disc elec-
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trode and the Teflon-encased platinum electrode were qual itatively

very similar in all buf the dilule NaNO, solution. This would suggest

-lhal the amount of carbonaceous material was no-f signif icant enough lo

greally inf luence double layer capacitance measuremenls.

Of nnst fundamentaI imporlance was the fínding by the writer that

there was only poor to moderate agreemenl in lhe resulls determined by

the Single Current Pulse Melhod and lhe A.C. lmpedance Method. The

measured capacitance was often found to be higher using lhe A.C. lmpedance

Method lhan for the Single Current Pulse Method. ln the case where the

interface was bes-f described by a capacitor and resistor in paral lel,

the paral lel resístance delermined by the A.C. lmpedance Method was

always significanlly greater than lhat determined by the Single Currenl

pulse Melhod. Both methods have been used to measure the differential

capacitance of solid melal/electrolyte solution interfaces. The A.C.

lmpedance Melhod has been most commonly used, while the Single Current

Pu I se Melhod has a I so been s ign i f icanf ly used -2'14 '33-38

It was shown in ChapTer 4 lha-f bofh methods were able to accurate-

ly measure analogue circuils composed of resisTors and capacitors. There

also appeared lo be no inconsislencies in each method when used to measure

properties of the solid metal/electrolyte solution interface. Then, !vhY

do lhe results obtained by each method fail to yield the same capacitance

and resistance values? And, does the paral lel resistance delermined using

lhe Single Current Pulse Method actual ly correspond lo the lrue paral lel

res i s-la nce?
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The above two questions have been posed by the outcome of this

research, but satisfactory answers wi I I come only wilh furTher. research.

An area of inlerest may be a detailed study of how surface roughness af-

fects lhe paral lel resístance delermined by the Single Current Pulse

Method. De Vr¡es5 and Lorenr39 both state that surface roughness should

affect the results obtained with pulse techniques. ln posing lhe second

question above, the wriler desires lo know whether the apparenlly low

parallel resistance values are real or an artefacl induced by surface

rough ness .
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6.1

INTRODUCTION

The knowledge of lhe response of electrolyle activity lo solvent

composítion is imporlant in electrochemical studies of eleclrolyte

solutions. A sÌrictly thermodynamic study of adsorplion f rom mixed

solvents al constant temperature and pressure, for example, requires

the electrolyte ac-f ivity for such a study to be kept consfanf while

the so I vent compos i-l ion is changed. 
1

Various authorsl-5 huu. used electromotive force (emf) measure-

ments from appropriafe galvanic cells lo study fhe response of electro-

lyle aclivity lo changes in solvent composition. These aulhors used

lhe method of Mohi lner and Nakadomaril to determine the eleclrolyte

concentration required to maintain conslanl eleclrolyte activity in

various HrO+organic solvenl mixlures. The method assumes that the

emf of the galvanic cell in lhe presence of an organÌc phase will be

the same as that in pure waler when the electrolyte aclivities of the

two solutions are equal. The HrO+NMF+NaN03 system has been sfudied

by lhe authon using this technique. This syslem was compared with

the Hro+NMF+NaCl syslem, which has been previously studied.5

The concentration of NaNO, required to maintain the same elecfro-

lyte activity as O.'IOOM NaNO, in Pure waler was found to decrease wilh

increasing rnole f raction of NMF, to a value of 5 x 1o-4tr¡ NaNO, in pure

NMF

The slandard free energy of transfer of one mole of NaNO, from

pure water to mixed Hro+NMF solvenls was also determined by the

author from emf measurements. The standard free energies of trans-
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fer were found to be 7.3, 10.4, 12.3 and 13.8 kJr¡ole-1 for solvents of

o.250, 0.500, 0.750 and 1.000 NMF mole f raction, respectively.

The concenlralion of NaCl required to maintain the same electro-

lyte aclivily as 0.1OOM NaCl in pure wafer was found to decrease to

6.3xtO-3M t'laCl in pure NMF. This is in good agreement wilh the re-

sults of Kozminska, Borkowska and Behr.5

The aulhor also records the development of a novel nilrate ion

selective electrode, and ils response in HrO+NMF+NaNOj solutions.

The novel nitrate ion selective electrode presenled here uses a solid

state electrode activated by nilron nitrate in a similar manner to lhe

Selectrode developed by Ruzicka, Lamm and Tjel 1.6 lt differs from the

conventional I iquid ion exchanger based nítratê ion selective el"ctrod.T'8

in lhat it possesses no I iquid ion exchanger membrane.
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DETERMIMTION OF ELECTROLYTE CONCENTRATION REQUTRED TO MAINTAIN
CONSTANT ELECTROLYTE ACTIVITY IN H2O + ORGANIC SOLVENT MIXTURES

Mohi I ner and Nakadomari 
1 devised a method Ío determine electrolyle

concenlration required to maintain constanl electrolyte activity in a

series of HrO + organic sol vent mixtures. They determi ned the effect

of organic compound on the el ectrol yte aclivily from emf measuremenls

of a reversible galvanic cell without liquid junclions in lhe presence

and absence of The organic compound. The requirement for such a cell

was that one of lhe electrodes was reversible to the cation, while fhe

other was reversible to lhe anion of the electrolyle. They reasoned

lhat, if thc emf of such a cell in the presence of the organic compound

was the same as the emf of lhe cell wifh a certain concentration of the

electrolyte with no organic compound, then it would follow thal the elec-

lrolyle activities in the lwo solutions would be equal.

The method firstly selects the desired activity to be equal to

that of a particular eleclrolyle concentration in pure water. Then,

for a series of solVent mixtures, emffs were measured for a range of

eleclrolyfe concentrations such that the emfrs of the cell were close

to and bracketed the emf of lhe cell in the absence of organic compound.

For each solvenl composition, lhe measured cel I emfrs were plotted

againsl the eleclrolyte concentration, and lhe resulling curve inter-

polated -lo the emf of lhe cell wilhout any organic compound. The cor-

responding interpolated eleclrolyte concentration is lhe concenlration

required for a particular solvent to mainlain lhe electrolyte activily

constanl al the chosen value.
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This melhod was employed by fhe author in determining the concen-

tra-lion of electrolyte in HrO+ Nt\4F solvent mixlures necessary To main-

lain the same activity as o.100N4 eleclroly-le in pure waler.
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DETERMIMTION OF THE FREE ENERGY OF TRANSFER OF ONE MOLE OF SUBSTANCE

FROM I'JATER T0 lt4IXED HzO + 0RGANIC SOLVENTS

conventionally, the activity coefficient rY, is sel al 1.000 at

inf inile electrolyte dilu-lion in a particular solvenl. This aclivity

coef f icient essenlially characterises the interionic and ion-molecule

forces in tha-f solvent, and other effects dependenl on the concenlra-

tion of solute in that solvent. This may be termed lhe concentration

ef fect or salt effecf , and is usually estimaled f rom -lhe Debye-Huckel

o
equation.' The salf effecl characlerises the deparlure from ideal

behaviour brought abou-f largely by the eleclrostatic interaclions

among the ions.

The activily coef f icient of species i, Yi, in dif f erent solvents

referred to the standard sfate in water, wil I .approach a value dif-

ferent from unity in solvents other than water as lhe concentration

of solute is decreased. The I imit is a measure of lhe medium effecl
o

-.\,.' The activily coef f icient of species i is given by the product
m'l

Yi

The medium effect is a measure of the free energy change on

transfer of one mole of species i from fhe standard stale in waler

lo the standqrd slate in a differenl solvent, s.

mY
X( v.)s'l

The slandard free energy of transfer of one mole of species i,
n', was calculated using the fol lowing equalions

(s) ô,f (H20)

= RTln(
m

f
I

0 ^0"t
Y

= 2RTln(ry*¡ for'l :1 electrolyte

= -FAEO = -F(rotHrol - Eo(s))

AG

AGI
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The electrostalic part of the free energy of transfer can be

eslimated from the Born equal¡on10 it tn. ions are treated as spheres

of finile radius immersed in a continuum of uniform electrolyle of

uniform dielectric constanl. The Born trealment makes no al lowance

for specif ic chemica I in-leractions between f he ions and the solvent,

which do, however, make an imporlant contribution lo lhe noneleclro-

static parl of lhe free energy change. As such, lhere is often poor

agreemenl between the predictions of the Born equation and the ex-

perimental ly delermined actÌvity coefficienfs. This poor agreement

is discussed for hydrochloric acid in mixlures of water and low di-

electric solvents such as mefhanol, elhanol and dioxan'9 A general

prediclion of the Born equation is that lhe medium effec-l activi-ly

coef f icient will increase wílh decreasing solvent dielec-lric constant.

Even lhough the Born equalion is inadequate lo explain the medium

effect, it is still used as a reference poinl, sÍmply because there

has not yel been developed a more comprehensive lheoretical treatment

lo explain the medium effect'
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INVESTIGATION 0F THE H20 + NMF + NaCl SYSTEM AT 25'C

EXPERIMENTAL

Reagents

Analytical grade B.D.H. NaCl, milli-Q waler and distilled purum

Fluka NMF were used, as previously described.

Sodium Ion Gfass Efectrode

A commercially available Radiome-ler G502Na Sodium Selectrode was

employed in measuremenfs, and was conditioned by slorage in 0.1M NaCl

in pure waler.

Ruzicka Chforide Sel-ecttode

The Ruzicka sol id stale Selectrode is an'ion-selective basic

eleclrode essential ly consisling of a Teflon-hydrophobised graph-

ile rod. The Selectrode can.be made selective to a parlicular ionic

species by applying a superficial layer of an eleclroactive compound

sensifive to lhe particular ion. The selectrode surface can be re-

newed by simply trimming off the aclivated section.6

A Ruz i cka sol i d state Ch I or i de Se I ectrode was prepared and used

by -lhe author by activating an FfOl2 Selectrode wilh S42f15 ChlorÎde

Se I ectrode Powder.

Emf Measurements

The emf was measured for The fol lowing cel I

Chloride Sel ectrode/XNMF + ( 1-X) HrO +YNaCl/Na+ glass electrode
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where )( is the mole fraction of N[4F and Y is lhe molar concentralion

of sodium chloríde.

Al I emf measurements were made al 25oC in slirred solutions using

an 0rion 7014 digital lonalYzer.

The emf measuremenTs were carried out on individual ly prepared

solutions into which the electrodes were dipped' Cell response limes

were around 5 minules and 10 minufes in pure water and pure NMF solu-

tions, respectively; before emf values were <+1 mV from lhe f inal v¿¡lue.

RESTITS AND DISCUSSION

Figure I records the results of lhe emf oT the cell measured as a

funclion of concentration of NaCl in pure water and pure NMF al 25oC.

Applying lhe method of Mohilner and Nakadomari,l i-f is evident lhaf a

concenlrat ion of 6.3 x lO-3t¡ t'laCl in pure NMF has the same electrolyte

aclivily as 0.100M NaCl În pure waler.

The HrO+NMF+NaCl syslem was sludied by Kozminska, Borkowska and

5
Behr,- who reported thal the concenlration of NaCl required to mainfain

the same eleclrolyle acTivity decreased with increasing Nl'1F mole frac-

tion, f rom O.lOOl'4 in pure water to 7 x lO-3¡¿ in pure NMF. The results

presenled here are în good agreemenl with those of Kozminska el al.

The emf of the cell is related to the aclivity of ionic species,

in accordance w i-lh the Nernsl equat ion
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E = Et+ 2.303
F

log (a +
Na

a
cell C

J 4.606RT= L + F log ô+

E' + 4'6q6RT ( log c* + log y+)

where y* is the activi-ly coefficient of the electrolyle. Using the

aclivify coef f icienl data previously fabled,l l the theorelical Nernstian

response for the cell is plolled as a dashed line in Figure 1' lt is

evident that the cell resPonse is quite close to the expected NernstÎan

behaviour, giving confidence in the use of the Na+ glass eleclrode'
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INVESTIGATION 0F THE H20 + NMF a ¡aN03 SYSTEM AT 25"C

EXPERIMENTAL

Reagents

Previously described Analytical grade B.D.H. NaNO

and disti I led purum Fluka NMF were used.

milli-Qwater
3

Nitron nilrate was prepared by a melhod simi lar lo -lhal used by

La I , chatfopadhyaya and Duy,1 
2 und cope and Burub. l3 Reagent grade

B.D.H. nilron was dissc¡lved in dilute acetic acid, and rlilron nitrale

precipilaled on The addilion of Analytical grade B.D.H. sodíum nilrate.

The fillered dry precipitate was white, and went faintly fawn during

storage. The infra red speclrum of the precÌpilate showed a charac-

teristic absorption due to nitrate at 1350 cm-]. The precipitate was

white, and not black, as claimed by Lal et al.'

Sodium Ion Gfass Efecttode

A commercial ly avai lable Radiometer G502Na Sodiur¡ Selectrode was

employed in measurements, and was conditioned by storage in 0.1M NaNO,

in pure water.

NitraÈe fon Sefective Efectrode

The electrode used consisled of a 15%/25% w/w Teflon-graphíte rod

of 0.95 cm diameter that was trimmed and encased in a teflon jacket.

The leflon-graphite rod, avai lable from John Crane Mauri Pty. Ltd.,

had been successful ly used to fabricate an eleclrode of lhe Ruzicka

Seleclrode type by Mel lor, Haskard and Mulcahy.l4 Electrical contact

with the teflon-graphite was made via a brass connecling rod screwed

i nto the tef I on-graph i te rod .
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The exposed leflon-graphile surface was made active to nitrate

ion by grinding dry nitron nitrate into it using a glass rod. Any

loose nitron nitrate was rinsed off in waler.

Emf Measurements

The emf was measured for lhe following cell

NO- seleclive electrode/XNMF + ( l-X)H.0+ YNaNO./Na+ gla=s elecfrode'-5 ¿ )

where X is the mole fracfion of NMF and Y is the molar concentration

of sod i um n itrate.

All emf measurements were made al 25"C in slirred solutions using

an Orion 7014 dÎgital lonalYzer-

The eleclrolyte concenlration was varied

of known volumes of the electrolyte dissolved

est.

by successive additions

i n the so I vent of i nter-

Stable emf values were obtained after 1 lo 20 minules, depending

upon the concentralion of sodium nitrate and lhe NN4F mole fraction.

The syslem was progressively more stable with increasing NMF mole

f raction. Al I emf va lues were normal ised lo the emf of tO-3t'4 NaNO,

in pure NMF. This normal isation was achieved by measuring the emf

d if f erence between I O-31¡ NaNO, in pure NMF and I O-3t'¡ NaN0, in each

HrO+ NMF solvent mixture. These emf differences were lhen used to

adjust lhe position of lhe emf-log CN.NO

curve obtained in Pure NMF.logcNuNO
3

3
curves relative to fhe emf-
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RESITTS AIS DISCUSSION

Figure 2 records the results of the emf of lhe cell measured as a

funcf ion of concentration of NaNO, for NMF mole f raclions of 0.000, 0.250,

0.500,0.750 and 1.000 aT 25"C.

Olher researchers have noted that lhe higher the solvent mole

f raclion of organ ic compound, the higher the ionic activity for a

given eleclrolyte concenlralion in the solut¡on.1-5 This effect for

the HrO+NMF+NaNO, syslem is evident in Table 1, where the eleclro-

lyte concentration required lo maintain the same acfivily as 0.100M

NaNO, in pure waler is given as a funclion of mole fraclion of NMF.

To maintain the same eleclrolyte activity, the electrolyte concentra-

tion must be reduced wilh increasing NMF concentration; from 0.100M

NaNOa in pure waler lo 5.2xlO-4¡"1 NaNO, in pufe NMF. The largesl

change in the electrolyle activity is evidenl a-l low NMF mole frac-

t i ons.

The emf of lhe cell is related to the activily of lhe ionic

species in accordance with the Nernsl equalÎon

J 2.303Rrt + ¡- log (a .a
Ecell +

Na NO
3

E,+ 4.606RT
F

loq a.

The theoref ical Nernslian slope should be 118 mv,/decade activity

at 25oC when emf is plotted against log a*. From Figure 3 it is evi-

denl thal the response of the cell is less than the theoretical slope.

The activity of NaNO, was calculaled as the product of the known
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Table I

Concenlrations of NaNO, required
to maintain lhe same eleclrolyte aClivity as O.1OOM NaNO

in pure wa-ler al 25"C
2)

XNur

0.000

0.250

0. 500

0.750

1 .000

-'l .000

-2.221

-2.113

-3.106

-3.281

log 
roctrrut,ro,

C
NaN0

/ ¡ut

3

-11.00x'10

6.01 x 10

1.94x10

7.Blx l0

5.1óx 10

3

2-)

-4

-4
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electrolyÌe concentratÎon and f he appropriale activily coef f icienl

determ i ned af The so I ul ion lreez i ng po i nt by Scalchard, Prent i ss and

Jon"r.15 The f reezing poinl aclivity coeff icienl data was used be-

cause no appropriate low concentration dala af 25"C has yet been

determined for NaNO' and because lhe aclivity coefficient determined

by Scalchard el al15 for 0.lM NaNO, is almosl identical fo fhat de-

termined for the same concentrat ion al 25"C.11

For the ce I I

NO¡ seleclive eleclrode/XNMF + (1-X) H2O +YNaNOr/Na+ gluss electrode

we can define

AE=E E
S

where E and E

sodium nilrate
S

are lhe measured cel I emfts af a concentration Y of

in pure waler and mixed HrO+ NMF solvent, respeclively.

The free energy of transfer of 'l mole of sodium nitrate from

waler to lhe mixed solvenl, AG-, can be calculaled using the equafion

AG. = -FAE
T

Values of AE and AG* are recorded in Table 2 as a funcfion of

sodium nitrate concen-lration and solvent mole fraction of NMF.

Exlrapolating values of AG* lo inf inile dilution as a f unction of

{õ yields slandard f ree energies of transfer of 1.3!O.1, 10.4!0.2,

12.3!0.1 and 13.8!0.2 kJmole-1 for solvent mole fractions of NMF of

0.250, 0.500, 0.750 and 1.000, respeclively.



X

Tabl e 2a

Dependence of AE i n mV on /C for NaNO,

in mixed HrO+NMF solvenls )

0.250 0.500 0.750
NMF

VL

-101

-1 13

-1 15

-119

-119

0. 500

10.3

1 0.9

11.0

11 .5

11 .5

- 121

-132

-134

- 131

-138

0.750

12.3

ll. /

12.9

13.2

13.3

1 .000

-1 43

- 148

-150

-155

-156

1 .000

0200 -16

.0316 o^

.050 1 -81

.1000 -86

1259 o1
-ot

Dependence of AG

in mixe

X 0.250

Tabl e 2b

-,|in kJmol ' on lC for NaNO,
H^0 + NMF so I venfs

I
å

NMF

/={L

.0200

.0r1ó

.050 1

.1000

.1259

-77

1.1

1.8

8.3

8.4

1 5.8

14 .3

14.5

15.0

15.1
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There is quite a large dependence of AG* on ñ; however, fhis

dependence is consislent wi-lh lhe data of Kozminska et al5 for the

H^O+NMF+NaCl syslem. Reworking of lheir dala using theauthorrsmethod
z

for O.OO2N4(concenlration of NaCl < 0.05N4 in pure NN4F yielded a sÌandard

free energy of -lransfer of one mole of NaCl of 1O.B1O.'14 kJmol"-1, and

a slope of 7 kJmole-l molar¡ty-*. Thesevaluesare lower, buï of com-

parable magnilude to the standard free energy of transfer of one mole

of NaNO, from waler to pure NMF of 13.8t0.2 KJmol.-1, and -lhe depend-

ence of AG on
al

f,c of 11 kJmole-r molari-fy-tt

The Born equationl0 predicts that for lhe H2o+ NMF system the

medîum effecl activi-ly coeff icient should decrease with increasing

NMF concentration as the solvent dieleclric constant increases '16'11

Sînce

0
AG = 2Rf ln( v.)m'JI

it can be seen from the large posiîive values of AG*O presented here
T

Ihat 1-he converse is lrue, Thal lhe med ium ef f ecl ac-liv ity coef f icient

increases wilh increasing solvent mole fracfion of NMF. The -lrealment

by Born takes no account of specific chemical interactions beTween the

ions and the solvenl, which obviously make a very imporlanl conlribu-

tion fo the noneleclros-lafic part of The free energy change for the

HrO + NN4F + NaNO, and HrO + NMF + NaC I syslems '



RESPONSE OF THE NITRATE
Ar 25"C

6.15

ION SELECTIVE ELECTRODE TO NANO, IN PURE WATER

for the

sensor for

INTRODUCTION

The main inleres-f lo the aulhor in the developmenl and use of lhe

previously described nîlrale ion seleclive electrode was În lhe deter-

mination of NaNO, activíty in mixed HrO+NN4F solvents. The ion selec-

tive electrode, however, can also be used as an analylical tool.

Prel iminary invesfigations are presenled by lhe aufhor

use of lhe nitrate ion seleclive electrode as an analytical

nitrate ions in aqueous solulions.

EXPERIMENTAL

Reagents

Analylical grade B.D.H. soclium nitrate and mill¡-Q quality water

were used lo prepare solu-fions, as previously described.

Efectrodes

A commercially available saluratedcalomel eleclrode (S.C.E.) with

a low leakage glass fril was used as the fixed polential reference

e I eclrode.

The nîtrate ion seleclive electrode has been described previously.
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Emf Measurements

The emf was measured for the fol lowing cel I

S.C.E. // tlrO + YNaNO,/NO, selec-f ive eleclrode

where Y is lhe molar concentration of sodium nitrafe'

Al I emf measurements were made al 25oC in slirred solutions using

an orîon 7o1A digital lonalyzer. A slandard addilion method was em-

ployed lo change the electrolyte concenlraTion'

The emf of the above cel I is related lo the aclivity of nifrate,

in accordance wilh lhe Nernsf equation

E=E-E 2.303Rr- F log a+ E
Cal LJ

NO
3

_,t 2.303RTt - ---T- log a
NO

3

where Eau, and E|-, are the poÌenlial drops associaled with the calomel

reference elecfrode and Iiquid junc-lion, respec-f ively.

RESULTS AND DISCUSSION

The nitrate ion selective eleclrode without a liquid iunclion,

coupled with a sodium glass selectrode, has proved useful in delermin-

ing fhe activity of NaNO, in HrO+NMF solvenf mixlures. The nitrate

ion seleclive eleclrode also has an analylical applicalion as a means

of delerm i n î ng n i fra-le ion conlent of so I ut ions '
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The emf response of lhe nitraTe ion selective electrode with

respecf lo a fixed potential reference electrode is recorded as a

function of concentration of NaNO, in pure water at 25oC in Figures

4 and 5. The response of lhe cell on these two separate occasions

yielded s lopes of 38 .O i2.1 mV/decade NaNO, concentration, and

25.4 ! 0. 6 mV/decade NaN0, concenfral i on .

The nitrate ion selectîve electrode was responsive to nitrate

ion, bul not to the expected theoretical Nernstian responseof 59 nY/

decade ac-livity at 25oC. The responses of lhe two experiments re-

corded in Figures 4 and 5 are significanlly different. The response,

however, for each experimenf was internally reproducible. This can be

seen in Figure 4, where lhe curve of emf versus lo9.N.NO, Outived upon

slead i I y i ncreas i ng lhe el ectro I y:le concentrat'ion was relraced upon

di lulion.

ì
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CONCLUS I ON

The practice of using constant elecfrolyle concentrafion instead

of constant electrolyte activlty in adsorplion studies would lead lo

serious errors for lhe Hro+ NN4F + NaNO, and HrO+ NN4F + Nacl syslems'

For lhese systems , 5.2x 1O-4M NaNO, and 6 .3x 1O-5M NuCl have -lhe same

eleclrolyte acÌivity in pure Nlr4F as 0.100M NaNO, and 0.100M NaCl,

respec-fively, in pure water. The increase in lhe electrolyte activ-

ify wilh increasing Nlr4F mole fraclion corresponds lo an increase in

lhe solvent dielectric consïant. This effect cannof be explained by

any current lheoretÌcal treaîment, such as thal by Born,10 und reflecls

the imporfance of the nonelectrosfatic ion-solvent interaclions.

The development of a novel nitrate ion seleclive elecfrode wilhoul

liquid junctions was necessary before the acti'vity of NaNO, could be

determined from emf measurements using the method of Mohilner and Naka-

1domari.' No other nítrate ion selective electrode wilhout I iquid junc-

tions has been successf ully developed. The delay in developing a suc-

cessful nitrafe ion selective electrode wilhoul liquid junclions is,

in parl, related to the high solubilily of most nitraTe salts. Nilron

nilrate, on the olher hand, has a moderalely low solubi I iIy of 1 part

in 60,0OO in water,iB.uking it suitable for use as an activating agent

in conjunction with a simple Ruzicka lype solid slale electrode.

The emf response of lhe eleclrode to nitrale ion was found to be

below the expected Nerstian response. This was also found to be -lhe

case by Lal et a1,12 *ho incorpora-led nilron nitrate into a membrane

for a nitrate ion selective electrode.
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The prel imi nary ana I yfica I i nvesfigations show lhat lhe response

of lhe nitrate ion selective electrode presenled here is sensi-live to

lhe preparation and ageing of -lhe electrode. This sensi-livity, and

the sub-Nerstian elecfrode response may be indica-f ive of some solubil-

iliy problems associated with lhe use of nitro nitrale. Furlher in-

vestigations, beyond the present scope of lhis work, need -lo be carried

out to see whelher lhe electrode response can be improved. The incor-

poration of the nilron ni-lrate inlo the eleclrode Tef lon-graphite matrix,

the slabilizing of lhe nitron nilrale by an inorganic compound, or -lhe

use of ni-lron nilrate in a different crystal I ine form may be means where-

by this could be achieved-

Many ion selective elecfrodes were developed for use in aqueous

solutions, and are of dubíous usability in lhe presence of organic

compounds. Other eleclrodes, such as -lhe Ruzicka Chloride Selectrode

used here, show a lower stability in organic solvenls compared with

that in aqueous solulions. The nilrale ion seleclive electrode

developed by the author is unusual in this regard, in that it be-

haves better in pure NMF and mixed HrO + N¡4F solvenls -lhan in pure

water.
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1

INTRODUCTION

Double layer capacilance studies have previously been carried

out using mercury electrodes for a number of eleclrolytes dissolved

in n-methlyformamide (NMF).1-B The general shape of fhe capacitance-

potential curves oblained was simi lar lo lhe shape of lhose obtained

in waler, with a central capacilance hump that is generally accep-led

as being caused by solvenf rearrangement al the eleclrode surface.4'J'9

The double layer capacitance in NMF was general ly found J'o

be smal ler than in waler, even lhough Ìhe bulk d¡eleclric constan-i

of NMF is grealer lhan thal of waler. The smaller values of the

doub le layer capac itance in Nl'4F were suggested as ind ical ing lhat

lhe effective dielectric constant of NMF is much smaller in the

vicinity of the eleclrode surface than in lhe bulk of lhe solution'1

A number of Ntr4F adsorpl ion stud Îes have been made f rom mixed

H-O+NMF solufions from double layer capacitance studies at mer-
I

cury el ectrodes.J'6 The work of Payne6 considered mixed sol venfs

containing low concenfrations of NMF, whereas Kozminska, Borkowska

j
and Behrr invesligaled lhe adsorption of Nlt4F over lhe enlire sol-

venl range.

2

2)
The work of Kozminska, Borkowska and Behr looked al how -ihe

use of constan-f eleclrolyle concenlration, instead of constant elec-

trolyte chemical po-lential, would af f ect lhe adsorplion sludies.

These authors found thal the chemical potenlÎal of NaCl increased

markedly with increasing NMF mole fraction. To mainlain -lhe same

electrolyte chemical poÌential in H-,0+NMF solulions, lhe concen-



1a

fration of NaCl had lo be decreased wilh increasing NMF mole

f raction. ln chap-ler 6 of this lhesis, the wriler f ound a

similar observation using NaNO, as the electrolyfe instead

of Nacl, but lo an even more marked degree. The wriler found

thal lhe concentraf ion of NaNo, had lo be as low as 5.2x lo-4t¿

in pure NMF fo maintain the same elecTrolyte chemical potential

as 0.100M NaNO, in Pure wa-ler.

The wrifer determlned the capacitance-polential curves for

the polycrystal I ine platinum/NaNOr/NMF sysfem, and fhe polycrysfal-

I ine si lver/NaNOl/NMF sysfem. To the wrilerrs knowledge, no other

double layer capacilance measurements in NMF have been made using

sol id electrodes. The capacitance resulls have been discussed in

terms of the usability of such data to investi'gale NMF adsorption

from mixed H^0+NMF solutions.
I



7.3

EXPERIMENTAL

The electrodes, chemica I s, cel I s, i nstruments and procedures

have been discussed elsewhere in this thesis, and need nof be

d i scussed here.

Theonlydevialionfromprevious.proceduresinvolvedthe

elecfroreduction of lhe silver electrode ín aqueous 0'1M NaNO,

for a period of hours before the elec-lrode was rinsed in NMF

solulion, and then placed info lhe 5x 10-4M NaNor+NMF solulion'

The silver eleclrode was polarized in the aqueous solution because

of the uncertainly as to the equivalent polarizing potential in

the NMF sol ul ion.

Al l potentÎals quoted in this chapter, unless olherwise

stated , are with respect to a low leakage, saÌuraled calomel

reference elecTrode placed it u luggin capillary containing the

so I ut ion under studY.



1.4

RESULTS AND DISCUSSION

System I. PtlNaNOt/NMF

Figure I shows cyclic volfammograms oblained for polycryslal-
-¿.

line platinum in pure NMF with 0.100N4 NaNO, and 5x l0 'M NaNOa-

The cyclic vollammograms were similar, wi-lh the calhodic reducTion

curren-f peak occurr ing al about 0.2 vo lls more ca-lhod ic in the

case of lhe dilule elec-lrolyte. The reduclion peak was found lo

be insensitive to the presence of del iberalely added amounÌs of

water. over lhe scanned potenlial range of +0.80 volts lo -0.80

volls the cycl ic volfammograms were general ly fealureless, wilh

increasing reduction currenl al potentials more calhodic lhan

-0.4 volts.

From lhe represen-fal ive comp I ex p lane imp'edance d iagram in

Figure 2, il can be seen lhat lhe polycrystal I ine platinum/NaNO,

+ NMF interface is besl described by a resistor and capacitor in

paral lel. ll can also be seen thal the representative arcs drawn

through the dala points inlersecl the real axis al -ihe origin'

This shows -lhaT lhe iR-compensation used in lhese experiments was

1OO/" efficient in removing the effect of the solulion resistance,

and -fhat lhe parallel capaciÍance could be determined directly

from the A.C. lmPedance data.

Figures 5 and 4 show lhe cathodic and anodic para.l lel

capacitance-polential curves delermined for the polycryslal I ine

plaf inum/O.'looM NaNor/NMF syslem. The curves show I ittle f re-

quency dependence over the range of 10 l¡z lo 200 hz. The curves

show few features other lhan an increase in the capacitance from
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a low value of 10* UF/cm

al -0.80 volls.

1.5

2 at +O.BO volfs to a value of 20 yF/cn2

Figures 5 and 6 show the paral lel capacitance-potential

curves determined for lhe polycryslal I ine pla-li nun/5x 1o-4tr¡

NaNO,/NN4F syslem. The genera I shape of -lhese curves are simi-

lar lo lhose ln o.1o0M NaNOr, but at a frequency of 10 hz vary

f rom abou-f 10 yF/cn2 at +O.BO volfs up to a value of 14* VF/cn2

at -0.80 volls. From Figures 5 and 6 it can be seen that lhe

capacîtance-potential curves show greal frequency dependence,

and possess no unambiguous capacitance minimum al a polenlial

tha-l could be equaled with the potential of zeço charge.

The general increase in -lhe caPacitance with increasing

cafhodic polarizalion can simply be correlaled with the increas-

ing reduction current observed in the cycl ic voltammogram shown

in Figure 1.

System I I. Ag/NaN0,/NMF

From fhe representative complex plane impedance diagram

shown in Figure 7 it can be seen that the polycrystal I ine sil-

ver/5x 10-41¡ NaNOr+NMF inlerface is best described by the ana-

logue circuil of a capacitor and resÎstor in parallel, combined

with a series solution resistance of 960 ohms.

The paral lel capacitance, ca I cu I ated assum i ng a constant

is displayed in Figures B and 9series resistance of 960 ohms,



C
Ê

P
R

C
 I

 I'
R

N
U

F
l1

- 
20

Þ Þ

l?

:ì

R

al

cE
 (

12
.0

0
/c

r2
'l

c0
40

Ë

ii-
'9

 
r,

o
c0

Þ

Þ

Þ

Þ
I

Þ

12
.

-_
__

l-
ô0

â

o I p a O

D
è o I o

aì

e
ôJ I o

^o (-
l¡ r- -{ ln
i -¡
¡ o

!l

O r3 o

o
Þ

r'l (â c 5 rD (¡

1l G -l rn z { It r-

N
]O

 O
 -

n
c-

c 
--

l
o-

"t
o

Jo
 

<
-o

N
 -

+
o 

c
1(

n(
D

^O
 

r
xo

-O
 

O
P

 r
o 

--
¡-

<
r-

'*
o

fo
o +

-C
,

c)
L¡

-o
ov

O
=

-f
 '

- 
I 

o-
f 

- 
lO

o 
oo

 
f

o-
 

tl 
o

Þ
oo

o 
<

o) Lo
O

a 
Z

. 
A

 -
-+

.

oo
)o

-
ø

2.
 

-Ð
:l 

O
-ç

J 
oJ

. 
L^

l 
O

 -
')

_c
D

-=
 

O
 -

o 
-lo

z:
-<

 -
=

 
za

a
<

-¡
-l-

o
\-

.. 
o 

oJ
ur

 
--

o
-o

J
Ø

 ..
-.

o
O

 O
l 

-.
o 

o-
l-

=
=

 
o)

N
-O

 
=

--
r 

-O
O

J 
^0

J 
(D

do
l¿

. 
-l 

O
..c

-+ 3O
:f f O

)



8.
00

U
¿

0
9.

 G
0

1C
.4

0
11

.2
0

C
R

P
Ê

C
 T

 T
Ê

N
C

E
 I

12
.0

0

Þ

Þ

14
.4

0 
lS

 ¿
0

- 
te

 -
--

 
-t

- 
--

M
]

2.
 ¿

O
F

/C
I

1.
3.

 c
0

16
. 

c0
-t

__
_r

P
'

3

ã o I P {-

3

I

iJ e e o o I r.
, o

Þ

Þ

Ê
Þ

Þ

G

Þ e

Ð

r À o
Þ

I

?

Þ

Þ

I â o
Þ

-T
1

(â c f a c

1t G --
l

rn z. -{ :D r- ? G r --
{ 3

f.J
o 

Ô
 ì

t
()

-c
 

-'l
o-

lo
:r

o 
<

-o
N

.+
O

 
E

-'r
tn

(D
^O

 
f

Þ
3 

q9
. 

-.
-+

è
fo

o --
{.

-Ð
>

lr-
c,

l.,
o:

J
o^

=
c-

o-
- 

I 
(D

-'u
 

\u
 -

)
o 

rf
 

o
so

o
(.

r)
 <

0J
o 

oo
o 

Z
.A

 
-.

lo
Jo

-
-2

.-
o o-
o 

oJ
L,

't 
O

 --
t

- 
o.

)

o 
-,

-<
 

-
fo

-
- 

I 
l,

<
: 

z.
-<

 
-

'\<
o

ú 
rt

-+
o

.. 
oJ

 o
)

(n
 

_T
J

o 
-o

J
o)

 --
.O

r 
of

 
-'

o-
+

-J
 

o)
oj

 N
-O

 l
-+

 
-a

)
O

 ^
O

i 
O

'o
f+

vf
 

o
-.

c-
| =

oJ 1 o)



Fì
p

- 7 1 rrfl(ì

tì = ô500fì
p

R = +1CrOQ

oe
d
,v!

i

6lo1
dI

I

Io;
- ei¡ :i
eoJ

Ti
I

>ê
É .i
Fo IT ¡r-l

Ôr
El
Eo,

¿)
N" I

t,
oi
.t

-l
I

I

I

o!ol

p

n 00 ¿0.00 1,0.00
z

+

I 20. c0 t 6c'
(REÊL ) r 10-l

g0 :00- 00 :4C. 00

Figure 7 Comp I

5x 10
ex
-L

M

plane impecJance spec-lra for polycrys-talline silver/
NaNO-/Nl':F at se I ected e I ec-lrode potent ia I s :

(O);'-0.90 \¡ (a); -c.70 \' (* ); -0.40 V (x );
(O). Ca-ihc-,ciic scan. 1O rn!',/s scan ra-re.

-1 .20 V

-0. 10 v



96
. 

00

è o

-T
l

(â c -5 o

I a ù o

I
12

. 
O

O
E

0.
00

 
E

E
 0

0
rl

;
o

C
 R

P
R

C
l 

T
R

N
C

 E
00

 
48

 0
0

56

o

+

lu
1 

/ 
cH

2)
00

 
64

.0
0

,l
00

 
24

.0
0 

3
.0

0 
1

+

+

+

+
o

+

+

T
D ct

1t a { rr
l z -{ f,) r

+

I
ac

t

cl
$

r- -{ a

+

À
, o I c, c¡ À
,

(f Þ ct ct

O
Z

.O
 

a1
oJ

 <
c 

--
r

-+
 -

n 
--

r 
o

=
 

<
_o

o 
-.

o 
c

ol
 

cD
 (

D

-'-
+

 
r

oo
oo -'t 

-h
-<

0D
 -

+
o 

oJ
 -+

o
oo

Jo
f, 

o 
o-

o o
Þ

:J oa
-L

t-
O

O
 

-<
r

l-o
 

o
=

N
-1

 
o

\^
 

tn
 o

(n
 a

\ 
-+

 --
+

'
vo

,
Ø

 -
 

--
c,

o"
. 

-o
)

o 
-.

-1
f 

-l 
O

)

oo
 -

--
¡ oJ

 J
o 

O
-+

N
 -

.-
o . 

^<
 

o
>

E
 e

-\
o

-'\
¡o

x¡
x 

J
O

-o of
,

=
 

lo
N

S
O <
l

--
O .L
zO

I 
oJ

 -
l-

-Z
A

. 
of

L^
l 

-+

+

+

+

+

+
6

+



.0
0 

24
.0

0 
32

.0
0

+

+
'

+

+
>

o

o

C
H

P
R

C
IT

Ê
N

C
E

4E
 0

0 
56

.

+

+

+

Þ

tu
F

 /
C

M
2)

00
 

64
.0

0

+

72
.0

0 
80

.0
0

t¡

G

o

88
 0

0 
96

 0
0

)
40

. 
00

-n J! C
â c T lD P

Ø
 -

.o
 

-T
t

ol
c-

1
o-

+
--

to
=

 o
 

(!
. 

-'t
oc

--
r,

 (
n 

O
oJ

f
-o

 
O

 O
o 

o 
--

àr
<

3 
-+

o-
\r

no
-o

(r
o J!

 
l

(,
N

oo
-

o 
-o

o)
 ^

'<
 

:J

=
 0

13
-1

 v
-<

O
l..

o 
O

-+
 

-+
 -+

.
O

 -
oJ

. 
c)

 -
-o -o

J
f 

--
 -'t

N
fo

) o-
Þ

9.
o

..(
O

oo
J

N
) 

-'l
 -

o
O

-\
O

J
\¡

o
N

^-
+

JO
J

^O
f,

J-
 

lo
rè

o
-3

 
|

.U
LV 0J

 -
+

>
z.

a
:l 

O
f

O
L^

J 
+

LL
._

.

Õ
 z

.- =-Tl

+

è o I t\, a2

+

+

ct o
+

1t G -ll fn
o

1a --
l o

:D r

o

Þ

+

gt o I e ù o I Q N ct a c, c,

o t- { .J
'

+

€

o

+



_t-
----+-+.-

-È..-:.--li:r:
-----.- l.---,-r_-_1-

-+-__

L4-_

---
;-----t---r-¡.-_____l-

-+-t!i----+--=-+

---f--

------f-----
'.---.++
+

--- -

__U
-----+.-

---{-

-l

___l__

--+--

-
+

:]:=L__-t__

A

:-t-'

__t __._t__

B

-_J 
-_-

__l_

---1---

'._ _L_
__-1__

:--]'.'Ìl=-
-: . i-..¿

t-._,_t

J,_._t.___L __i__._t__.t__

F-

t:
t

f-
L

---t :::

--+---
I

f- --_

----t,--

-
:-= --.:- t_"
:::i::_t,

--t-

¡:_-

___-¡_

-_<---l---J_S

o
t--
z
L/
d

o

-ve l- POTENT I ÊL

F'igure 10. Cycl i c valtammor¡r;.rrn:, rrf''llrc f)olycrys-lol I iner si lvcr+ 5x 10-4
potential ranges:

4,. -1.4A volls 1c +0.10 v6lts;
B. -'l .00 volls to +0.40 vclts;
C. -'l . B0 vo I ts lo -0.:i0 vo I ts.
Horizonfal ful lscale = 1.50 volfs

---{ + ve

f'4 N¿N0- + lllvlf' system over va r ious

Vertical fullscale=0.35 mA. 1O rnVls sc¡ln rate



.6

as a function of eleclrode polential. The curves show some fre-

quency dependence, bul the capacilance determined al the lowest

f requencies of 5 hz and 10 hz are quite similar. The curves dis-

play lhe general features of a cenlral capacifance maximum at

abouf -0.7 volts, with capacitance minimum and maximums on eilher

side.

Figure io shows a series of cycl ic voltammograms for lhe

above system cycled over differenl potential ranges. Al poÌen-

lials more cathodic lhan +0.20 volts, to avoid oxida-iion of the

silver eleclrode, up to -0.20 volts is a f ealureless region of

low currenf . Al potentials rrore cathodic -lhan about -0.i0 volts,

a conslanl degree of irreversible reduc-lion occurs up to aboul

-1.50 vol-ls, where a second level of irreversible reduction occurs.

The seconcl reductÎon region is likely to be the onset of solvent

reduction, whereas the earl ier reduction curren-f Îs I ikely to be

assoc ialed w i lh -lhe e I ectro I y-le, NaNOa .

STANDARDISATION OF POTENTIAL SCALES

As was previously menlioned, fhe poTenlial scales used in

Fîgures 1-10 are wilh respect lo a saturated calomel reference

electrode in a luggin caPillary f illed with Ìhe solution under

sludy. For a sTrictly thermodynamic sfudy of adsorption from

mi xed so I vent so I ut ions, lhe reference e I ectrode needs -lo be

reversible lo the cation or anio. in lhe mixed solvenl.S



1.1

The novel nilrate ion selective electrode, discussed by -lhe

aulhor in Chapler ó of thesis, was lesled as a suitabie reference

eleclrode in NMF+NaNO, and HrO1¡ilaNO5 solutions. As was discuss-

ed in Chap-ler 6, the nilra-le ion selecTive eleclrode responded to

-lhe n itrate ion present in bo-lh lhe pure NMF ancj pure HrO so lvents.

ll was found thal the elec-lrode potenlial drifted, and required

some 30 or so minutes to slabi I ize.

The capacilance-polential curves determined using -lhe ni-lrate

ion selective elecÌrode as lhe reference electrode could be trans-

posed on to those oblained using The calomel reference electrode

by moving lhe curves along the polenlial axis. The au-lhor pre-

ferred lo measure -lhe capacitance-pofenlial curves wilh respect

to -lhe calomel reference eleclrode because of ils superior polen-

lial slability. The amounl, however, thal -lhe polential scale

needed lo be allered by to give a correspondence wilh lhe nitrate

electrode scale was found to be a simple maller that couid be de-

termined f rom cyclic volfammograms afler fhe capacitance-poterrf ial

curves had been oblained. Characlerislic fea-lures in the cyclic

vollammograms were used lo cal ibrate lhe potenlial difference be-

tween the reference elec-lrodes.

The nitra-le ion selecfive eleclrode was found lo have a

potent i a I

e I ectrode

O.20 vo I -ls more negat i ve than the salurated ca I ome I

in a solu-lion containing ¡x1O-4t"i NaNo-+Nl"lF.)



The

polent i a I

e I ecl roci e

nitra-le ion

0.35 vo lts

seleclive eleclrode

more nega-l ive than

was I'ound to

the safuraled

fìaVe a

calomel

in a sc¡lulion conla in ing 0. 100N4 I'laNO, in pure water'
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CONCLUSION

The determination of the relative surface excess of an organic

compound on a me-lal eleclrode from an aqueous solution containing a

single electrolyfe is based on the eleclrocapillary equation.J '10-13

For a lhermodynamícally rigorous lrealment of dala at cons-lanl' temper-

ature and p'ressure, lhe electrocapillary equa-f ion needs -lo be dif feren-

liated with respect to solvenf composilion at cons-lant activity of lhe

elec-lrolyîe and conslanf elecfrode potenl iul '11'12

From the wri-lerts previous discussion in chapter 6, il can be

seen lhal il is possible to obtain dala al cons-lanl eleclrolyle ac-

-livity and conslanl eleclrode potential for -lhe HrO+ NMF+NaNO, system'

The electrode po-lential for adsorption studies musl be measured versus

an electrode immersed in -lhe same solution whi'ch is reversible eilher

to -lhe cation or lhe anion of lhe electrolyte. From earlier discussion'

if was concluded by the wr¡ter that the novel nitrate ion selective

elecTrode discussed in Chapler 6 could be used lo eslabl ish a s-landard-

isedpo-lenfialscaleforlheHrO+NMF+NaNOrsys-lem'

The delermi nation of adsorplion data from doub I e I ayer capac ilance

measuremenls furfher requires -lhe knowledge of lhe variation of lhe

charge density on lhe metal wi-lh respec-f -lo The electrode poten-lial'

The charge densi-ly on the metal eleclrode can be oblaÎned from in-legra-

lion of capacitairce-polential curves with respect lo the potenlial of

zero charge. This requires an accurale knowledge of lhe po-lenlial of

zero charge,
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The delermination of lhe potential of zero charge is a fairly

straightforward maller using mercury eleclrodes using a streaming

mercury elec-lrode technique.U Ho*.u"., this technique cannol be

appl ied to sol id electrodes. A number of melhods have been atÌempf-

ed lo defermine the poten-iial of zero charge on solid electrodes '14-20

however, only lhe capaci-lance minimum technique appears to have found

un iversa I accep-lance. I n th is la-lter techn ique, the potenl ia I of zero

charge is equated wilh -lhe polential of -lhe capacitance minimum found

în a capacilance-potenlial curve obtained in dilute electrolyle solu-

-lions. This -lechnique does nol , however, necessarily resulÌ in the

f inding of an unambiguous potential of zero charge, since specif ic ion

adsorplion can affecl -lhe results. This lechnique also has I imited

usability because in many moderate -lo high concentration electrolyte

solutions lhere is no evidence of a capacÎ-ianie minimum.

The writerrs inilial investigation of H2o+NMF systems using

double layer capacitance measurements a-itempted to use an eleclrolyte

-lhat was Known to be only weakly specif ically adsorbed on mercury in

the vicinity of the potenlial of zero charge, and was very soluble in

pure Nl\4F. l-l was further hoped ÌhaT a poteniial of zero charge could

be found using such an eleclrolyle. lt was known lha-l NaF and NaNO,

were -lwo electrolytes that fulf illed the f irst criteriu.2l lt was

found, however, that NaF was almos-f Însoluble in pure NMF, whereas

NaN0 hac a high solubi I ilY in NMF.2)

polycrystalline si lver and platinum eleclrodes were used by the

writer -lo delermine capacitance-polenlial curves in NaNOr+HrO and

NaNOr+Nt\'iF solulions. To maintain lhe same electrolyle activily as
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o.lool'4 NaNO, in pure waler, it was necessary -lo use 5 x 10

p u re Nl'4F .

-4 M I'laNO, in

Capcilance minima were observed in di lute electrolyte solutions

using -ihe polycrys-ialline silver eleclrode. However, Ìhese capacÎtance

minima could not be simply equa-led wilh the posilion of the po-lential

of zero charge because -lhe eleclrolyle at lhese poTenl ials was under-

going irreversible reduc-iion. There was also a furlher problem in Ihe

assigning of a polenlial of zero charge in aqueous 0.100M NaNO' since

no capacÎ-lance minÎmum was found for lhal system. Though there are

some problems, the use of silver eleclrodes fo investigale Ntt4F adsorp-

lion from mixed HrO+NMF solutions appears quile plausible with a bet-

ter cho ice of e I eclro I Y-le.

The use of polycryslalline pla-linum electrodes to measure capacl-

tance in pure water and NMF was found lo be a reasonably'simple matter

only in moderately concen-lrated solutions. ln dilute NaNO, solu-lions,

the seleclion of an appropriate analogue circui-l to represenf lhe poly-

crystalline platinum/eleclrolyle solu-lion inlerf ace was no-l resolvecj in

fhe presen-l research. The consistent tìme dependence of capaci-lance

measuremenls using polycrystal I ine platinum was also found to be a fur-

lher complication tha-f requires f urther allention. The wriler realises

Thaf more de-lailed measuremenÌs of lhe capacilance using polycryslalline

and single-crysTal plaÌinum electrodes are necessary in dilule electro-

lyles in mixed HrO+NMF solufions. The usefulness of such s-ludies lo

determ i ne NlvF adsorpl ion dala cannoT be gauged at -ih i s s-lage.
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Khomchenko and olh.rt22-26 hur" recenïly measured the double layer

capacilance of polycrystalline platinum in acetonílrile solutions'

These workers found thal lhe calion selected had a considerat¡le bear-

ing on the capacîlance-potential curves. They found it possible To

detecl a capac Îlance mi n imum, correspond i ng fo the maxímum d i ffuseness

of the e reclr ica I doub I e layer, us i ng Liclo4,22 rc2H5)4NC loo and

?i '?4 but not i n Nac lo, so I ut iont'25 Khomchenko andrc2H5)4NBF4 ,'- '' but not in NaL. -O

1A
Zelinskiizo concluded f rom these resulfs lhat the specÎf ic in-ler-

action of cations wilh plalinum in ace-lonÎtrile was in the order:

++
Na+> rc2|'5)oN+>Li+.

From the conclusions of Khomchenko el al concerning cation inter-

aclion, and problems encountered in using nitrates with si lver, the

writer envisages that future work in mixed HrÓ+NN4F solutions using

platinum and silver electrodes will involve a more thorough s-ludy of

electrolyles to discern whaf elec-lrolyles will enable the most adsorp-

t ion i nf ormat ion to be ob-la i ned .

The common praclice in adsorpfion studies using metal eleclrodes

has been lo supplement -lhe thermodynamic approach wilh model assump-

t ions, i n parl i cu I ar by the assumpt ion of congruence of the adsorpt ion

isotherm with respect to one of the eleclric variables, charge or po-

tenlial. Standard equalions have been derived -lha-f enable one lo de-

termine adsorplion daTa from double layer capacitance measuremenls

assuming lhe adsorplion isotherm -lo be congruent with respect to

charge or with respecl -lo poTenlial. This is wel I discussed by

?1
Frumkin ef al.-'
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Katoh and co-workers, for example, used such a method To study

lhe adsorpTion of organic molecules on polycrys-ialline gold in per-

28 --t), 
10

chlora-le ano perchloric acid solutions" from capacitance measure-

ments made usÌng rectangular single pulse -lechniques: ln deriving

adsoprtion data, Kaloh el al assumed The adsorplion isotherm lo be

cong ruent w i lh respect -lo po-lenf i a I '

A vigorous debale has been carried on over the lasl 30 years as

lo whelher congruence wi-lh respecl lo electrode potential or excess

charge densíty was the better approximation to the behaviour of or-

ganic sorbates on metal eleclrodes. Recently, however, Mohi lner and

Karol.ruk3O concluded -lha-t fhere was no -theorelical justÌf icaf ion in

using the concepl of congruence of an organic elec-lrosorption isolherm

with respecl to eleclric variable. From this'f índing, Karolczak and

Moh i I n".31 conc I uded that the equat ion mosl common I y used to delermi ne

elec-lrosorp-lion isolherms from differen-lialcapacitancemeasuremen-ls is,

in general, incorrecl. They did slate, however, lhal in certain cases

lhemostcommonlyusedequationmaybeapproximatelyvalid'

32
On a more positive note, Karolczak and lt4ohi lner have der i ved

general equaf ions in terms of excess charge densi-ly from which excess

eleclrochemical free energy of mixing of -lhe inner layer and lhe ac-

livity coeff icÎents of -lhe adsorbed species can be calcula-led' These

equafions have been derived on lhe basis of fhe lheory of non-congruent

eleclrosorplion of organic compounds original ly proposed by Mohi lner el

.^__ 33al rn 19 ll.
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Recenlly, sangaranarayan and Rangarajan have publ ished a series

of arlicles in f iue purl=34-38 dealing wilh adsorplion isotherms for

neulral organic compounrjs. The aulhors forwarded a non-congruent ad-

sorption isofherm based upon sTaÌislical mechanical model I ing of tire

solvent and adsorbale. They also reviewed olher adsorpTion isolherrrs,

and analysed the cri-leria for lhe charge congruence and The potenlial

congruence of such in the I ight of their new isotherm.f4

The work of sangaranarayan and Rangarajan is I ikely lo form a

foundalional basis from which lhe approprialeness of various assump-

t ions made in deÌermin ing adsorpt ion data can be tes-led ' l-l is nol

unl ikely that the assumplions made in the commonly used procedures of

lhe pasl wi I I prove adequale for the description of various systems,

whi le being unacceptable in the descriplion of olher syslems-

The wriler sees, therefore, that double layer capacilance measure-

ments made in mixed solvent systems, such as HrO+NMF, will be able to

confribule toward a better understanding of lhe inleracÌion of solvetrt

and adsorbale a-f lhe meta l/e lec-lro lyïe so I u-l ion inlerf ace.
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APPENDIX 2

Discussion concernìng the scanning eìectron m'icroscope (S.E.M.)
micrographs presented ìn Figure 4 of Chapter 3.

F igures 4a, 4c anci 4d represenl -lhe same p lal inum d isc surl'ace'

This elecïrode was not lhe eleclrode used in Chapters 4,6 and'l for

hydrogen atom'adsorption and double layer capacitance measuremenls

because mounting lhe disc in S.E.M. studies required the destruc-lion

of lhe electrode. The eleclrode is, however, I ikely to be representa-

tive of ïhe disc eleclrode used if one does not take in-lo accoun-l the

larger defecls. Figure 4d was incl uded because lhe back scallered

eleclron image, whi le insensilive to surface lopography, shows dark

spots of grease efc. collecled from the almosphere during lhe lraverse

of the samples from fhe laboratory to the Eleclron Optical Centre'

The unusual deposils on the surface in Figures.4a and 4c are simply

grease and o-lher contaminanls collected f rom lhe atmosphere.

Figure 4b is represenfatlve of lhe platinum surface finish of the

eleclrodes used in Ihe chronopotenliomelry work of Chapler 2' Those

electrodes were pol Ìshed down with 1 Um diamond paste. The surfaces

used in the capacitance measurements were more finely pol ished, and

showed fewer and smal ler surface defects.




