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SUMMARY

The electrochemical investigation of the metal electrode/electrolyte
solution interface has been largely centred around the use of the liquid
mercury electrode. The proliferation of investigations using solid metal
electrodes was retarded until the last decade by problems associated with
the preparation of clean, smooth, wel |-defined electrode surfaces. These

problems have been discussed in the text.

investigations of hydrogen atom adsorption using cyclic voltammetry,
thallium diffusion using chronopotentiometry, and double layer capacitance
measurements using Single Current Pulse and A.C. Impedance methods have

been made using solid metal electrodes.

The tracer diffusion coefficient of thallium(i) has been measured
in high concentrations of background electrolyte in solvent mixtures
ranging from pure water fo pure NMF.  The tracer diffusion coefficient
of thallium(}) in 0.300M KNO3 was found to decrease from 1.88 x ]O_Scmz/s

to O.5O6><]O_5cm2/s as the NMF solvent mole fraction was increased from

0 to 1.000.

The techniques and results of the Single Current Method and the
A.C. Impedance Method in measuring the capacitance of the solid electrode/
electrolyte solution interface are reported. The techniques were found to
give different results. The validity of the equivalent analogue circuits

used to extract interfacial capacitance and resistance values is discussed.

The results of the measurement of the double layer capacitance of
the solid electrode/aqueous electrolyte solution interface are present-

ed for polycrystalline platinum and silver electrodes. The frequency



v
dispersion, hysteresis, and time dependence of measurements are dis-
cussed. The capacitance measurements were extended from aqueous sys-
tems to the solid electrode/NMF electrolyte solution interface. Measure-
ments were made for the NaN034—NMF system using platinum and silver elec-
trodes. The problems involved in using capacitance measurements tTo deter-
mine NMF adsorbance coverage on solid metal electrodes i< discussed.
- DAL

As a preliminary step prior fo the attempt to use capaciTancé
measurements as a means of obtaining NMF adsorbance coverage data,
a nitrate ion selective electrode was developed, and ifs response to
NaNO3 in water and NMF recorded. The novel nitrate ion selective elec-
trode presented here is of a solid state type, and differs from the
conve5+ional liquid ion exchanger based nitrate ion selective electrode
in that it possesses no liquid ion exchanger or membrane diaphragm.
The nitrate ion selective electrode coupled with a sodium ion glass
electrode was used to determine the concenfrafion of NaNO3 required
+o maintain constant electrolyte activity for solvents of various
NMF*-HZO compositions. The concentration of NaNO3 required tfo main-
tain the same electrolyte activity as 0.100M NaNO3 in pure water was

found to decrease with increasing mole fraction of NMF, fo a value of

5 x 10-4M NaNO3 in pure NMF.
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A REVIEW OF THE SOLID METAL ELECTRODE/ELECTROLYTE SOLUTION INTERFACE

The phenomena connected with the double layer formed at the
interface between a metal electrode and an electrolyte solution have
been extensively r‘eviewed.]_5 The most commonly accepted structure of
the interface formed between a metal electrode and an electrolyte solu-
tion is that originally suggested by Gouy6 and Chapman,7 and later
modified by STern.8 The interface is considered to consist of an
outer or diffuse layer, and an inner or compact layer. The two
layers are separated by the outer Helmholtz plane, which convention-
ally defines the plane of closest approach of the cenfres of solvated
ions held in averaged positions by the balance between diffusive
forceg and the electric field in the region. The inner or compact
layer is thought to be a reasonably close-packed monolayer, containing
solvent molecules and, in the case of specific ion adsorption, contain-

ing ions directly adsorbed on fo the metal surface.

The separation of the double layer into the inner and diffuse
regions came largely from the work of STern,8 but was widely accepted
following the work of Grahame1’9 using mercury electrodes. Grahame
suggested that, assuming Stern's model, the total capacitance, C, of
the metal electrode/electrolyte solution interface could be thought of
as being due to the series combination of the separate contributions
of the inner layer capacitance, Ci’ and the diffuse layer capacitance,

Cd, so that

1/C = 1/C; + 1/C
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DevanaThan]O further showed that the contribution to the capaci-
tance made by the diffuse layer could be calculated from

0
c, = 19.46(q° + 137.8¢)°

where gq is the charge on the electrode surface, and ¢ is the molar
concentration of a 1:1 electrolyte in water. The equation predicting
the diffuse layer capacitance reveals that Cd will only contribute to
the measured capacitance, C, for low values of the electrode charge
and the electrolyfe concentration. The potential of the capacitance
minimum found in dilute electrolyte solutions was thus equated with
the influence of the diffuse layer capacitance at the potential of
zero electrode charge. This was confirmed using mercury electrodes
from the coincidence of the capacitance minimum witTh the electro-
capillary maximum. The use of the capacitance minimum as a means

of determining the potential of zero charge is very common in sfudies
using solid electrodes. This is clearly revealed in a recent review

by Hamelin et al.]]

The inner layer capacitance, Ci’ was Thought of as being in-
dependent of the electrode charge and electrolyte concentration for
a given system. Parsons and ZobeI]2 suggested that a plot of 1/C
against 1/Cd at constant charge should, in the absence of specific
jon adsorption, yield a straight line of unit slope to reveal that
Ci was constant. Deviation of the Parsons-Zobel slopes from unity
was interpretted as being due to specific ion adsorption or surface

roughness of solid eIecTrodes.H—]6
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Recently, Kornyshev and Vorotyntsev gave formal approval of
Grahame's parametfrization of experimental data. In ftheir reconsider-
ation of the compact layer treatment, they were also able to forward
reasons for the experimentally found dependence of the compact layer

capacitance on the nature of the electrode and solvent.

The apparent success of the separation of the double layer into
inner and diffuse layer contributions led many to publish results

showing dependence of the inner layer capacitance, Ci’ upon electrode

13,14,18-24

charge, temperature and electrode type. Experimentally it

was found that the inner layer capacitance-charge curve displayed a
maximum. This maximum, which showed up as a hump in total capacitance

plotted against either charge or potential, has been interprefted as

due to specific ion adsorpﬂon.zs_29 It is Wfdely accepted now that

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

23,30 A number of motecular theories based on

24,31

the electrode surface.
statistical approaches have been proposed by many workers to des-
cribe the solvent properties of the metal electrode/electrolyte solu-

tion interface.

Although the treatment of the double layer in ferms of an inner
layer and a diffuse layer has proved successful, such a treatment has

not been without criticism.

Recently, Henderson et aIB] commented that such a treatment,
although useful, was unsatisfactory because of its inconsistent freat-
ment of the solvent. Cooper and Harrison33_39 have been long-term

critics of such a treatment, strongly expressing their opposition to
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the treatment of the inner layer as a separate physical entity. These
authors have recentiy proposed a new theory, taking into account ion-
ion repulsions in a direction parallel o the electrode surface, which

38,39 Schmickler40

they believe is a more realistic theoretical model.
has criticised the treatment of the metal as a perfectly conducting
medium. In his treatment of this problem, Schmickler combined a

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

model for the solvent with some success.

The Gouy-Chapman-Stern (GCS) model has been used extensively fo
interpret data obtained for the mercury eIeéTrode/elecTronTe solution
interface. The apparent success of the model for the mercury electrode
resulted in it also becoming the model used to describe the interfacial
region for other metal electrodes. Most metal electrodes, however, are
solid, and present a non-homogeneous surface to the electrolyte solution.
The appropriateness of the GCS model in the case where the metal electrode

surface is heterogeneous has, with few exceptions, been ignored.m’41

In the last decade many researchers have attempted to use solid
electrodes having well-defined homogeneous surfaces by using electrodes
formed from single crystals. Hamelin et alH have rebenTIy reviewed
double layer capacitance investigations using sp metal single crystals.
They found that the crystallographic structure of the metal surface
strongly influenced the capacitance-potential curves obtained, and
suggested that any crystallographic anisotropy would make quantitative
data analysis difficult. |t was recognized, however, that problems
still remained in obtaining solid surfaces with a well~defined crystal-

lographic orientation. Among the problems discussed were edge effects,
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surface defects, and lack of precision of crystallographic orientation.
In another article looking at problems encountered in ftrying fo obtain
wel |l-defined solid surfaces,42 the preparation of the surface was shown

to be important in reducing crystallographic anisotropy.

The interpretation of the behaviour of heterogeneous surfaces has
been looked at as the composite behaviour of individual single-crystal
faces. Valette and Hamelin]4 constructed a capacitance-potential curve
for polycrystalline silver from their experimental data obtained with
low-indexed silver single-crystal electrodes. The shape and potential
of the capacitance minimum was reported to be.in good agreement with
experimental results. Damaskin and co—workers43 proposed two models
+to describe the polycrystalline metal electrode/electrolyte solution
interface. Larkin et al44 suggested that the behaviour of polycrystal-
line silver in dilute aqueous NaF was not inconsistent with one of the
modes| proposed by Damaskin et al. Larkin45 further reported the re-
sults of the interfacial behaviour predicted from computer simulated
models of the polycrystalline silver electrode surface using the

Damaskin models.

An important finding from Larkin's treatment was that one of
Damaskin's models predicts the development of a capacitance minimum
in the capacitance-potential curves at a potential that was not neces-
sarily coincident with the condition of zero charge at the polycrystal-

line electrode/electrolyte solution interface.
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Obviously, further high quality capacitance measurements using
both single-crystal and polycrystalline electrodes are required to
provide a basis for further testing and modification of the current

theories concerning the solid metal electrode/electrolyte solution

intferface.
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INTRODUCTION
Chronopotentiometry is the study of the variation of the potential
of an electrode with time, during the passage of a constant electrolysis

current. The technique has been extensively reviewed elsewhere.]_9

The earliest recorded use of the method was by Weber in 187910 and

Sand - in 1901.H The work of Gierst and Juliard12 is acknowledged by
many as being responsible for exposing the practical potentialities of
chronopotentiometry. Delahay and Maman‘fov2 optimistically envisaged
chronopotentiometry as an analytical method that could replace conven-
tional polarography. The predicted exaltation of chronopotentiometry

as a versatile analytical fechnique never eventuated, however, because

of inherent disadvantages.

One major setback to a wider application of the technique has
been the failure to simply determine an unambiguous transition time
for a given chronopotentiogram. Various graphical methods have been
used to determine the transition time, but the methods themselves have
Iittle, or no, justification. Bos and Van Dalen13 have compared the
graphical methods used fto determine the transition Time by Delahay and

15,16

MamanJrov,2 Fieinmuw‘h,14 De Vries, and Laity and l‘v’lclm“yre.]7 Such

methods, whether justified or not, all suffer from cumbersomeness.

Fisher]8 and Currie19 avoided the unnecessary graphical analysis
by selecting the end-point of a chronopotentiogram to be the point of
maximum change in potential in the region of electroactive ion deple-
tion. The time taken for the potential of the electrode to change

from its initial potential to the end-point potential was accurately
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measured using a digital ftimer and comparator. This uncorrected time
was regarded by Fisher and Currie as the transition time. The use of
this method required the pre-determination of the end-point potential

from a previous chronopotentiogram.

In this work, the author improved upon the reliability of the
techniques of Fisher18 and Currie19 by determining the end-point
potential and fransition time simultaneously from each chronopoten-
tiogram. The simultaneous determination was achieved using a fransient

recorder coupled to an on-line computer.

Classical cathodic chronopotentiometry requires that the principal
means of mass fransport in the region of the cathode is via diffusion.
This means the elimination of mass transfer due to convection and

migration.

Migration is the movement of charged species in the presence of
an electric field, and can be effectively eliminated by swamping the
solution with some chemically inert and electroinactive ionic species
termed the supporting electrolyte. The inert ions of the supporting
electrolyte, being in a large excess, act as the major charge carriers
in The solution during elecfrolysis.zo To minimize migration effects,
the author maintained a value of 100 for the ratio of the concentra-

+ions of the supporting electrolyte and the electroactive species.

Convection is commonly caused by mechanical vibrations affecting
+he cell and movement of the solution due to density or temperature

gradients. These effects were minimized in this study by: special
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mounting of the cell to reduce vibration effects; orientation of
electrodes such that diffusion occurred upwards, as suggested by
Bard;21 and maintaining the cell at a constant temperature using
a water jacket through which water was pumped from a large volume,
constant temperature, water bath. The results presented here were

carried out at a constant temperature of 25.00% .05°C.

Under conditions where mass transfer due to convection and migra-
+ion has been eliminated, semi-infinite linear diffusion is approxi-
mated in the case of diffusion of a species to a planar electrode
immersed in a large amount of solution. Under conditions of semi-
infinite linear diffusion, diffusion of an electroactive species will

be in accordance with Fick's law of diffusion22

ac _ . 8°C
ot - Pz L1]

where DO is the tracer diffusion coefficient of the reactant species,
and C is the concentration of the reducible species as a function of

time, 1, and distance from the cathode,- X.

Integration of equation (1] with the appropriate boundary condi-

tions was shown by Paunovic1 to yield the equation attributed fo Sand
||

R - 2.2

iT? = nFCyD,*17A/2 [2]

where n is the number of electrons involved in the reduction, and A is

t+he cathode surface area.

SandH originally derived equation [2] showing how the fransition
time, T, was related to the electrolysis current, i, the bulk concen-

tration, C and the diffusion coefficient, DO’ of the electroactive

O)
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species. The Sand equation predicts that the product iT% should be
constant for a given bulk concentration of electroactive species, and
be independent of both the electrolysis current and the transition

time.

A number of researchers utilizing the Sand equation have used
chronopotentiometry fo determine a value of iT% for particular systems.
Due to poor experimental techniques, uncertainites of 1%, 2%, or even
greater have been associated with the determined value of iT%.24’25

In the work presented here, it has been shown by the author that values

1
of iT2 can be determined with an uncertainty of less than 0.1% for an

individual solution.

al:
A systematic deviation of iT® from constancy was recognized by

Bard21 who attempted to correct for the inconstancy of the chrono-

I
potentiometric constant i1°/C. Bard attempted to account for the
inconstancy of the chronopotentiometric constant by taking info

account the effect of double layer charging, electrode oxidation,

21,253

and adsorption. Bard modified the Sand equation by introducing

a correction factor, B, so that the modified Sand eguation became

1 ] ]
e 2 _ 2.2 =
iT® = nFCODO m2A/2 + Bt

-

[3]

Bard claimed that his treatment was only approximate because it
assumed that the charging of the double layer occurred constantly dur-

ing the electrolysis, whereas this would not be the case in realiTy.Z]

In practice, however, the author found that equation [3] modelled

what happened very accurately. For the reduction of thallium (1) in
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an electrolyte solution at a platinum working electrode, the fracer
diffusion coefficient, DO' was calculated from the intercept of a plot

-1
: The slope of such a plot corresponds to an amount

1
of it? against T
of charge, Q. So as not to confuse this slope with The B correction
and interpretation of Bard, the modified Sand equation was used by the

author with Q replacing the B of equation [3].

Tracer diffusion coefficients were determined for thallium (1) by
the author at 25°C for aqueous solutions containing NaClO4, KNOB, LiNOB,

and NaNO, as the supporting electrolyfte, and for mixed H204-NMF solvents

3
using KN03 as the supporting electrolyte. The tracer diffusion co-
efficient for thallium (1) was found to decrease with increasing sol-

5

vent NMF mole fraction, from 1.88x 10" cm2/s in pure water to a minimum

of O.506><10-5cm2/s in pure NMF.

The aufhor used values of TT% extrapolated to T_%==0 to ftest the
Sand equation. The predicted |inear behaviour of iT%/C with the geo-
metric surface area was observed, implying that the effective electrode
surface area was the same as its geometric surface area. This result
was shown to be in agreement with the diffusion layer thickness being

much greater than the profile of the electrode surface uneveness.
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EXPERIMENTAL
ELECTRONIC EQUIPMENT
The electronic equipment used in these chronopotentiometric
studies is schematically illustrated in Figure 1. The use of each

component element is summarised below.

1. Galvanostat

A constant electrolysis current was provided by a galvanostat
(see Appendix 1). The current was manually set in the range 1-5,000
pA. The galvanostat has an in-built automatic current stop and revers-
ing sequence that can be activated either manually or when a preset

potential was reached during electrolysis.

2. Voltmeter and Known Resistance

The electrolysis current was determined using the Ohm's Law
relationship by using a voltmeter to measure the potential drop across
an accurately known resistance. A resistor of 1,000.00+ 0.05% was

used.

3. Variable Dummy Resistance

The electrolysis current was passed through a dummy cell resist-
ance when electrolysis of the solution was not required. The dummy
cell resistance was adjusted to a value comparable to the solution
resistance between the counter and working electrodes so as to ensure
the avoidance of a rapid current change upon switching the current
from the dummy cell fo the electrolysis cell. The switching of the
current from the dummy cell to the electrolysis cell was effected by

a single button press.



Galvanostat

Voltmeter

Dummy

Switch

Measuring
W Clircuit

Figure 1. Instrumentation used for chronopotentiometry using 3
electrode system: working (W); counter (C); reference (R).
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4. Digital Voltmeter
The potential difference between the reference and working
electrodes was monitored using a high input impedance Solartron

A210 digital voltmeter.

5. Cathode Ray Oscilloscope (C.R.0.)
The chronopotentiograms were observed using a Tektronix 434

storage cathode ray oscilloscope.

6. Timer and Comparator

A digital timer coupled o a comparator was used to accurately
measure the duration of electrolysis. The comparator initiated the
+imer when the current was first switched to the electrolysis cell,

and then stopped the timer at the point of current reversal.

7. Transient Recorder and Computer

The potential-time response of the electrolysis cell to The
applied constant current was stored in a Data Lab DL905 Transient
Recorder interfaced to a Hewlett Packard H.P.85 computer. The stored
data was manipulated via the H.P.85 computer using an adapted Hewlett

Packard spline function programme.

ELECTROLYSIS CELLS

The electrolysis cell, depicted in Figure 2, has two main sections.

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

jacket that is joined by silicone rubber to the flat broad rim of an



Figure 2.

Flat broad rim ———)qFa

Silicone rubber seal

./

Water inlet \_

¥—__——
Water outlet

—
<€ Outer cell
€ Inner cell

Drawn to scale

Cut-away view of electrolysis cell (lower part only).
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inner cell. The outer jacket with inlet and outlet portals served as
the water jacket that maintained the cell at a constant temperature as
set by a water bath. The water bath was maintained at 25.00 % .05°C.
Both inner and outer jackets had flat optic glass discs set into their
bases so that the electrodes within the cell could be clearly visible
using a mirror/light system positioned below the cell, as depicted in

Figure 5.

The upper section was a top that served as the lid to the lower
section. The top had a broad rim that 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 the side of the top and fixed on to the clamp
holding the electrolysis cell. The middie portion of the top contained
a number of tapered sockets machined to take standard Quickfit male
cones. The sockets were of the appropriate number and size to accomo-
date the working, reference and counter electrodes, gas bubbler, gas

outlet, and a J-shaped tube for flushing.

Another electrolysis cell that was also used is depicted in
Figure 4. This cell allowed the optional use of a side arm inserted

luggin capillary. It also consisted of an upper and lower section.

The upper section was a machined Teflon top that fitted on fo the
lower section, and was held in place using three springs. The middie
portion of the top contained a suitable number and fype of sockets
machined to accept standard Quickfit cones. These sockets held the
working, counter and auxillary electrodes, gas bubbler, gas outlet,

and a J-shaped tube for flushing.
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Figure 3. Mirror/light source arrangement for observation of underside
of an object.
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The lower section was an all Pyrex glass, double-walled cell.
The space between the inner and outer walls served as the water jacket,
while the region within the inner wall served to hold the electrolyte
solution. Provision was made for the use of a side projecting luggin

capillary through the side Quickfit cone.

The fine tipped luggin capillary is depicted in Figure 5. The
upper side arm enabled the luggin capillary to be flushed with gas.
When the luggin capillary was stoppered, the gas pressure forced the
solution out of the capillary into the bulk of The solution, and allow-
ed the gas to be bubblied through the solution. When the electrolyte
solution was de-oxygenated, the de-oxygenating gas was then passed
continuously over the solution surface via the gas bubbler depicted
in Figure 6. The electrolyte solution would then seep into the luggin
capillary, and enable electrical contact to be made through the solu-
+ion with the reference electrode held in the vertical section of The

luggin capillary.

VIBRATION PROOFING

I+ was necessary to insulate fhe electrolysis cell from vibration
sources |likely to cause undesirable mass transfer effects. This was
achieved by supporting the electrolysis cell on a brass ring, and also
by clamping the cell firmly around its girth. Both the ring and girth
clamp were clamped on to a solid rod fixed into a metal cage that en-
closed the cell, and was firmly bolted on to a 5cm thick slate slab.
The whole assembly rested on rubber bushes on a sturdy metal table.
The metal cage also doubled as a Faraday cage, cutting down on signal

noise due to electronic pick-up.
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Figure 5. Luggin capillary.
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The pump used to circulate water from the water bath through the
cell water jacket was found to be a source of vibration that could
cause a lengthening of the electrolysis time by more than 10%. This
effect was avoided by the development of a technique that allowed for
+he non-circulation of water through the water jacket when the electro-
lysis current was applied fo the electrolysis cell. Such a technique

is described later.

ELECTRODES

A standard three electrode system was used for chronopotentio-
metric measurements. The electrodes were fitted into their appropriate
positions in the electrolysis cell such that the reference electrode

was between the working and counter electrodes.

The counter electrode consisted of a large horizontal platinum
disc joined to a connecting platinum wire sealed into a soda glass
sheath. The platinum disc could be placed directly below the working
electrode, or otherwise by rotating it from the ftop. The position of
the disc, whether directly below the working electrode or otherwise,
made no difference to the chronopotentiogram.

fosmote -

The}reference electrode was a platinum wire sealed into a J-shaped
glass sheath of such dimensions as to bring its tip near to the working
electrode. The closeness of the reference electrode was not critical
but, for consistency, once positioned, was left in That position for

all measurements in the same solution.
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A simple unshielded planar working electrode is depicted in
Figure 7. A high purity platinum cylinder or gold foil was soldered
on to a brass contact rod, and masked with a feflon sheath so as to
present a horizontal planar platinum or gold surface to the solution,

respectively.

Another unshielded working electrode, depicted in Figure 8, was
simply a vertically orientated platinum disc attached to a platinum

wire which was enclosed in a soda glass sheath.

The development of a suitable shielded working electrode required
much frial and effort. Preference was given to the development of an
electrode that would allow ease of polishing of the metal surface, and
lend itself to a simple procedure allowing flushing of fhe solution
within the electrode shielding. A major problem that plagued early
attempts was the attainment of a leak-proof seal between the metal

electrode surface and the plastic material of the electrode shielding.

The working electrode that was finally developed, depicted in
Figure 9, was an adapted version of fhe Cottrell Cell used by lkeuchi
et al.27 The working electrode surface was plate material tin soldered
on to brass stubs of such dimensions as to facilitate easy use in elec-

tron microscopy studies. The stubs also made mechanical polishing of the

metal plate a simpler procedure.

Leak-proof sealing of the electrode stub/electrode casing contact
was achieved by compressing the electrode stub on fo a machined cell

piece supported in a Kel-F holder. A suitable, reproducible pressure
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was achieved using a spacer that [imited the maximum compressional
pressure. A mushroom shaped cell piece with a knife-edge contact was
found to give a much better seal than a flat broad contacting cell
piece. Corning Machinable Glass was found to be too hard as cell
piece material, Teflon was known to be too SofT,27 but Kel-F and
perspex proved to be most suitable, enabling a good seal with sofft
metals such as gold and platinum. Kel-F was favoured as the cell

piece material because of its superior resistance to attack by acid

and organic solvents.

The diffusion cavity of fthe cell piece was simply flushed using a
J-shaped Pyrex glass tube with a suitable nozzle that allowed access in-
to the 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 anomolous chronopotentiograms.

A light source and mirrors were set up, as depicted in Figure 3,
so that the observer could detect the presence of even minute gas bub-
bles within, or near to, the diffusion cavity. The technique was very
sensitive to the presence of gas bubbles because of the high reflect-
ance of the mirror-finished polished electrode stubs. The light beam
was cut off, and used only as deemed necessary, since the beam intens-
ity could effect undesirable localised hot spots, and the chronopoten-
tiogram itself revealed any gas bubble problems to the experienced ob-

server.

All working electrode surfaces, excepting the vertically oriented

disc electrode, were polished to a mirror finish using conventional
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mechanical lap polishing fechniques, using diamond or alumina paste.
The electrode surfaces were then cleaned and etched for 30 seconds in

aqua regia, prior to further cleaning preparation.

The apparent surface area of the shielded working elecfrode was
taken to be that exposed by the cell piece, and hence determinable
from the inner diameter of the cell piece. The inner diameter of
the cell piece was measured at the contacting edge using Mitutoyo

Smal! Hole Gages and a Mitutoyo Micrometer, readable to 0.01 mm.

CLEANING PROCEDURE

All glassware and Teflon or Kel-F components were rinsed in de-
ionised water, and then soaked in acid cleaning solution. The material
was then rinsed, and soaked in pure water. The lower section of the
electrolysis cell depicted in Figure 2 was finally inverted over clean
filter paper, and allowed to drain dry. All other glassware was oven
dried. The Teflon and Kel-F components were allowed to air dry on

clean Whatman No.5 filter paper.

Initially pure dichromic acid was used as the cleaning solution.
After this had been used for many months it was subsequently replaced
with pure sulphuric acid, and then pure nitric acid. Dichromic acid
was replaced as the cleaning medium because of the possibility of
dichromate contamination of the material soaked in it, though this

was never tested and proved by the author.

The counter and reference electrodes, previously described, were
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soaked in acid cleaning solution, rinsed, and then allowed to soak in

pure water until required.

The final stage of preparing the working electrode was to soak it
for 2 minutes in acid cleaning solution, thoroughly rinse it in pure
water, and then allow it to stand in pure water until required. From
the acid cleaning stage to its positioning in the electrolysis cell,
the working electrode metal surface waé kept covered by solution so

+hat no direct contact was made by it with the atmosphere.

CHEMICALS
Thal lous Nitrate (TINOB):

Ultrapure Analytical reagent was used without further purification.

Lithium Nitrate (LiNOB):
B.D.H. Laboratory reagent was used. Water was removed by vacuum

oven drying.

Potassium Nitrate (KNOS):

B.D.H. Analytical reagent was used.

Sodium Nitrate (NaNOB):

B.D.H. Analytical reagent was used.

Sodium Perchlorate (NaCIO4):

B.D.H. Analytical reagent was used.



Water (HZO):

Initially doubly-distilled charcoal filtered deionised water was
used. The final distillation was from alkaline permangante solu-
Tion.

The charcoal filtering stage was then replaced by an in-line 0.22
um Millistak-GS filter.

The final series of experiments used Milli-Q water of >18 MQ/cm?

resistance with a final stage 0.22um Millipore filfer.

N-methy | formamide (NMF):

. o . - 28,29
NMF was prepared in a manner similar fto that described previously.
Fluka Purum n-methlylformamide was dried over 4K molecular sieves and

purified by a two-fold distillation under reduced pressure.

SOLUTION PREPARATION

All solutions were quantitatively prepared from the solid salts.
The salts were dissolved in the solvent of interest, and made up volu-

metrically to the desired concentrations.

The solution to be investigated was initially flushed in The
electrolysis cell with a de-oxygenating gas for about one hour. Either
high purity hydrogen or argon was used, and was passed en route through
a vanady! oxygen scrubbing sysTem.BO The gas was passed into the elec-
trolysis cell via the gas bubbler, depicted in Figure 6, which had a
two-way tap enabling the gas to be continuously passed either through

the solution or over its surface, as desired.
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The J-shaped tube, depicfed in Figure 10, was used To ensure
proper mixing of the solution. |1 was also used to remove Trouble-

some gas bubbles that were likely fo affect the chronopotentiogram.

TECHNIQUE FOR OBTAINING A CHRONOPOTENTIOGRAM

Chronopotentiograms were found to be affected by the natural
potential of the working electrode, and by the vibrations from water
circulated through the electrolysis cell water jacket. Techniques in
obtaining chronopotentiograms were devised to yield consistently simi-
lar initial electrode potentials, and to reduce the vibration effect

of the circulating water.

For the unshielded working electrodes, a simple technique was
devised. The water was allowed to circulate through the water jacket
for two minutes, and then stopped from circulating for a further two
mintues, and then for the duration of the electrolysis, which was begun

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

For the shielded electrode, depicted in Figure 9, a more elaborate
technique had to be devised that made provision for solution flushing
and gas bubble removal from the diffusion cavity. The initial tech-
nique was that used for the unshielded electrode with an added period
of one minute between the two.two minute periods. During the one min-
ute period the diffusion cavity was flushed, and any gas bubbles were
removed using the J-shaped tube, while the water was circulated through
the water jacket. This initial fechnique was then modified by adding

another two minute period directly after the one minute flushing period,
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during which the water was still circulated through fthe electrolysis
cell water jacket. This latter addition was found necessary to reduce
solution vibration after the vigorous flushing period. The final
technique modification was to bubble the de-oxygenating gas Through
the solution for the.initial two minute period on each occasion that
the current was altered. This had the effect of ensuring that the
electrolysis solution was still gas saturated at the completion of

the experiments, which required a number of hours.

When the electrolysis current was passed through the electrolysis
cell, the working electrode potential became increasingly cathodic,
until the current direction was reversed. The electrode potential was
then driven increasingly more anodic, until an end potential was reach-
ed, at which point the electrolysis current was switched from the
electrolysis cell to the dummy cell. At this point, the electrode
potential freely driffed, initially rapidly, and fthen more slowly.

The electrode potential drifted until a maximum anodic potential was

reached, and then drifted slowly in a cathodic direction. The tech-
nique discussed above for obtaining a singie chronopotentiogram took
a period of minutes. |t was observed that, during the fime prior to
electrolysis, the electrode potential freely driffed to a maximum an-
odic potential, and then slowly drifted in a cathodic direction. The
end potential, at which the electrolysis current was switched across
the dummy cell, was selected so that the electrode potential was not

driven more anodic than its free drift anodic potential maximum.



RESULTS AND DISCUSSION
PRELIMINARY RESULTS

Figure 11a shows the comparison of a typical experimentally ob-
tained chronopotentiogram for an aqueous system with that calculated
from the equation below expecting Nernstian behaviour1

E = + %ln [_——Zi ] + E%In [r%—ﬁ]
nF(ﬂDO}2

The potential of the experimental curve was normalised at 1/4 for
convenience. |t is evident that, for aqueous systems, good agreement
is only found in the low potential change portion of The chronopoten-
tiogram. Deviation from theory is evident at the initial and final
portions of the chronopotentiograms where the potential undergoes

rapid change.

In the pure NMF system, the deviation between practice and theory

is much greater, as Figure 11b reveals.

From the above equation, it is evident that the basic shape of
the chronopotentiogram should be determined only by the term
'E%-Hw(T%-T%]', since all the other fterms on the lefthand side
will be constant for a given chronopotentiogram. |f all chrono-
potentiograms are normalised to a single value of 1, and the potfen-
+ial scale fixed at a single value, at, say, /4, then, for a given
system, all chronopotentiograms should be identical, being independent

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

trolysis. In practice, this behaviour does occur.
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Figure 12 shows that the shape of experimentally obtained
chronopotentiograms is not an artefact of the particular type of
reference electrode used. In the example, the quasi-reference
platinum wire probe was compared with a saturated calomel electrode
(S.C.E.) in a luggin capillary, and the chronopotentiograms were
superimposable. The use of the quasi-reference platinum wire or
the S.C.E. in a luggin capillary was equally valid, but the former
was preferred, on the basis of experimental convenience. The use of

] X . 26
quasi-reference electrodes is discussed elsewhere.

For the case of platinum working electrodes, the metal is known
+o adsorb hydrogen and oxygen, depending upon the electrode potential.
Such reactions occurring on the electrode surface may be a cause of at
least some of the observed deviation of the chronopotentiograms from
theoretical behaviour. |If the electrode potential is sufficiently
anodic for oxide to form on the platinum surface, then The chrono-
potentiogram will show anomolous behaviour due to reduction of the
oxide prior to the reduction of thallium (1). The technique for ob-
taining a chronopotentiogram was developed, as described previously,
so that the natural electrode potential was not sufficiently anodic

to allow oxide formation to occur.

From the modified Sand equation

i

1 -
it? = nFCODOZWZA/Z + QT

N|—
n|—

it can be seen that a plot of iT” against T 2 for a series of currents
i, should yield a straight line with an intercept from which the tracer

diffusion coefficient, DO’ can be calculated.
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1 - ,
Linear behaviour of iT? versus T ° was found for all electrodes

=
2

for small values of T or, correspondingly, large values of T How-

ever, as T -0, deviation from linearity becomes evident. This devi-

N|—

ation is due to convection causing the experimentally determined value

1
of the transition time, T, and hence iT?, to be greater than expected.

The effect of convection can be removed using a shielded electrode

where linearity of iT® versus T

Nj—

could be obtained for transition

+imes greater than 90 seconds.

]
|+ was evident to the author that !inear behaviour of iT? versus

N~

T was achievable to a high degree of accuracy for large values of T,
so long as the working electrode was shielded. As such, the shielded
working electrode depicted in Figure 9 was used for all subsequent

experiments.

One of the difficulties encountered with the shielded electrode
was in achieving a leak-proof seal between the metal surface of the
electrode and the cell piece. With experience, efficiency was achieved

in obtaining a good seal, and several criteria could be used to test it.

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

the ratio of the times of the reduction and oxidation currents; the

i -
linearity of iT® versus T °; and the visual check for leakage upon

N|—

dismantling the working electrode. A clear example of the results

produced by a poor sealing shielded electrode is evident in Figure

13. The plotting of it? against 1

)
® yields a curve, and not a straight

line. Visually, it was evident for the same system that leakage

through the seal had occurred. For this system, the ratio of the
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forward and reverse electrolysis times was also singificantly different
from the expected value of unity. The application of these above cri-
teria was found to be an effective means of eliminafing data affected

by mass diffusion.

The effectiveness of a good seal between the cell piece and the
electrode surface was demonstrated using electron microscopy. The
photographs displayed in Figure 14 show scanning electron micrographs
of silver electrodeposited on to platinum using the ETEC Autoscan. It
is evident in Figure 14a that there is quite a sharp distinction between
the central region exposed by the cylindrical diffusion cavity to the
electrodeposited silver and the electrodeposit-free outer region that
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 deposit-free, and silver electro-
deposit 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 electron beam spot was shifted to a position 1 um further along
the transect. It is very evident from Figure 15 that there is a sharp con-
tact between the low intensity region, corresponding to the electrodeposit-
free platinum surface, and the high intensity region, corresponding to the
region of silver electrodeposition. This is further emphasised by The fact
that the high intensity peaks exceeding full-scale deflection actually have
an average intensity many times greater than the full-scale maximum set on

the chart recorder.
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Figure 14a. Scanning electron micrograph of silver deposited on
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Figure 14b. Scanning electron micrograph showing The heterogeneous
nature of the silver deposited on the platinum stub.
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I+ can also be seen from Figures 14b and 15 that the silver
electrodeposit is not homogeneous, but tends to be in'the form of
isolated grains of silver on the platinum surface, with little or
no intergranular silver. Thallium electrodeposits on platinum were

also found to be of a non-homogeneous nature.

All final measurements of the tracer diffusion coefficient of
thatiium (1) presented here were made using the platinum Cottrell Cell

depicted in Figure 9.

I+ was noted earlier that the quality of water was improved during
the series of measurements presented in this chapter. It was noted by
the author that the improvement in the quality of the water used as The
solvent made no difference to the determined value of the tracer dif-
fusion coefficient. However, there may have been associated improve-
ment in the reproducibility of experiments. Validation of this latter

point, however, will require further experimentation.

CORRELATION BETWEEN THE TRACER DIFFUSION COEFFICIENT
AND THE SOLUTION VISCOSITY

Stokes' |aw describes the force experienced by a macroscopic
sphere of radius r in a fluid medium. In combination with the freat-
ment of Einstein, it has been applied to the diffusion of microscopic

ions in a structured medium. The resultant Stokes-Einstein equa‘fion38
D = kT/(6mwrn)

where k is the Boltzmann constant, predicts that the product of the

+racer diffusion coefficient and the solution viscosity, n, should
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be a constant for a given femperature, T, and particle of constant

radius, r.

The author tested whether the prediction of the Stokes-Einstein
equation could account for the variation in the tracer diffusion co-
efficient of thallium (|) measured in various agueous elecfrolyte

solutions.

The relative viscosity presented in Table 7 was determined by the
author via interpolation of the viscosity data of other researchers.BS_37
The viscosity determined at electrolyte concentrations of 0.3315M in

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

be erroneous, and were not used by the author.

Table 8 presents the results of the product of the tracer dif-
fusion coefficient and the appropriate relative viscosity of the sup-
porting electrolyte. The value of this product is quite similar for
the electrolytes of NaClO4, KNO3 and LiNOB, having an average value
of (1.86%0.01) x 10_5cm2/s. The value of this product determined for
NaNO3 as the supporting electrolyte, however, is about 8% greater than

the other electrolytes.

DETERMINATION OF THE SLOPE, Q

The modified Sand equation

1 Lol _L
iT® = nFCODoiﬂzA/Z + QT *?

L
2

N|—

predicts that it® will be linear in T ?. This was found to be the



Table 7

Relative viscosity, nrel’

determined for a series of aqueous electrolyte solutions

Electrolyte Neel Reference
0.500M NaCIO4 1.014 33
0.300M NaCIO4 1.008 33
0.500M KNO3 0.983 34
0.300M KNO3 0.989 34
0.300M LiN03 1.032 ‘ 35
0.300M NaNOB 1.016 34,36,37

Table 8

Tracer diffusion coefficient of thallium (1), DO’

and product Doxnrel determined for a series of aqueous electrolytes

Electrolyte DO><1O5 cmz/s DoxnreI x105 cm2/s
0.500M NaCIO4 1.851+.014 1.88
0.300M NaCIO4 1.837+.025 1.85
0.500M KNO3 1.878 £ .030 1.85
0.300M KNO3 1.877+.010 1.86
0.300M LiNOS 1.794 + .034 1.85

0.300M NaNOS 1.981 % .006 2.01
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case. The slope of iT® versus T

Nl—

corresponds To an amount of charge,

Q.

The value of Q varied considerably in the solutions investigated,
from 37 uC/cm2 up To 341 uC/cmz. The general unifying factor deftermin-
ing the value of Q was the gas used fo deoxygenate and saturate the
solution being studied. For example, in almost identical solutions

of TlNOB-FO.SOOM KNO -+H20, the slope Q took values of 47 and 62 uC/cmz,

3
and 259 and 276 uC/cm2 for two solutions each deoxygenated with hydrogen
and argon gas, respectively. As a general observation, it was found that
using hydrogen gas gave values of Q<100 uC/cmz, while using argon gas
gave values of Q> 100 uC/cmZ. From these results, it appears that the
chemistry of the solid electrode/electrolyte solution 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 generated during electrolysis.

rd
21,23 attempts to correct for the inconstancy of the

In Bard's
chronopotentiometric constant, he postulated that an amount of charge,
QC, could be used to charge the double layer. This charge was approx-
imated as being the product of the average double layer capacitance
and the maximum change in potential recorded during the electrolysis.
From the results discussed here, it can be seen That the charging of
the double layer could not be the dominant effect contributing to the
observed slope Q. However, the results presented here are not incon-

sistent with double layer charging making some contribution to the

charge Q.
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ALTERNATIVE METHOD TO CORRECT THE SAND EQUATION
The modification to the Sand equation carried ouf by Bard21’23
was made assuming the applied current to be the sum of the currents
involved in diffusion and other processes. Such an assumption is
inherent in the procedure used by the author to determine the Pimit-

1 -
ing value of iT® and the value of Q from plots of i1° against T °.

-

This procedure also assumes +hat the correct transition Time, T, has

been measured.

| f, however, one looks at the transition time measured, Tm, as
being the sum of the true transition time, T, and an extra period of

Time, Tor taken to charge the electrode an amount Qc’ then

=

1l
~
+
—

where Teq? TCZ’ etc. are the time periods during which the electrode
was charged an extra amount, and the electrode potential changed by an
amount AE], AEZ, etc. This approach has an advantage over the approach
of Bard in that one does not have fo assume that the charging of the
double layer etc. will occur at a constant rate during the entire
electrolysis. Rather, one can allow for a period of fTime during which

no contribution was made to the value of Qc'
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Substitution for the true value of T into the Sand equation will
give

1 e gl
. - - 2 - 2.2
I(Tm QC/I) nFCODO mA/2

Using the above equation resulted in almost identical values being
determined for the |imiting value of iT% and, hence, for the value of
+he tracer diffusion coefficient as those previously reported here.

As such, these values have not been presented here. However, the
value of QC tended to be of the order of 100% greater than the value

of Q determined via the other method. The discussion made previously

concerning Q still holds for Qc in a qualitative manner.

The author found that there was nof sufficient information to
decide between the two modifications to the Sand equation presented
here. |t is worthy of restatement, however, that whichever approach
was used resulted in the determination of almost identical tracer

diffusion coefficients.

NOTE ON THE SHAPE OF CHRONOPOTENTIOGRAMS

During the progress of this work, chronopotentiometric research
was carried out in this laboratory without supporting electrolyte,
resulting in a plausible reason as to why the shape of experimental-
ly obtained chronopotentiograms deviate from the expected theoretical
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 resistance across the catholyte will cause the
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electrode potential to be greater than that predicted by Theory. This
phenomenon is likely fo be able to account for at least some of The
deviation from theoretical behaviour observed in the vicinity of the
transition time for chronopotentiograms obtained with supporting electro-

lyte. This topic is further discussed by HorwaTh.39
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System 1I. T1NO3 + NaC]O4 + HZO
Five series of chronopotentiometric measurements were made for
the TINOB-FNaClO4-+H20 system with ftransition times from 0.437 seconds
!

1 -1
up to 85.44 seconds being recorded. The results for it versus 1 z

are recorded for each measurement in Figures 16 and 17.

From a comparison of results recorded in Tables 1 and 2 it can be
seen that the tracer diffusion coefficient for thallium (1) determined
from these measurements was independent of the thallium (1) concentra-
tion, the NaCIO4 supporting electrolyte concentration, and the platinum
electrode surface area. Within the limits used in these experiments,
it is expected that the tracer diffusion coefficient for thallium (1

will be unique.

The tracer diffusion coefficient of thallium (l) was determined

1o be 1.845><1O-'5 cm* /s with an uncertainty of 1%.

System II. T]N03 + KN03 + HZO
The results for plots of iT® versus T

Nl—=

are shown in Figure 18

for four series of measurements for aqueous solutions containing 5mM

3
0.671 seconds up To 73.34 seconds.

TINO3 and 0.500M KNO.. The measured transition times, T, ranged from

From Table 3 it can be seen that the tracer diffusion coefficient
for thallium (1) determined from the above-mentioned solutions is iden-
tical to that calculated from a solution containing 3mM TINOB and 0.300

M KNOB. These results show That the tracer diffusion coefficient deter-
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Table 1

Tracer diffusion coefficient, DO’ of thallium (1) in C.5M NaC|O4+H20

2 , 3 5 2
Run Area/cm CT|+/mM CNaC|O4/M Intercept x 10 Dy x 107cm /s
1 .3004 5.021 0.500 .5548 + . 0031 1.849 = ,021
2 .3004 5.021 0.500 .5571 £ ,0029 1.865+ .019
3 .2570 5.079 0.499 L4785 % ,0010 1.838 % .008

Average 1.851+ ,014
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Table 2

Tracer diffusion coefficient, DO’ of.thallium (1) in 0.3M NaCIO4+H20

Run Area/cm2 C.H+/mM C| ~ M Intercept x 103 Dy * 1050m2/s

NaCi\'O4
1 .3187 3.062 0.300  .3594 + .0003  1.855+ .003
2 .3187 3.062 0.300  .3559 % .0011 1.819% .011

Average 1.837 + .025
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Table 3

Tracer diffusion coefficient, DO' of thallium (I) in 0.5M KNO3+H20

Run Area/cm2 Cpy /MM Crno /M In'rerceerxlO3 D x105cm2/s

T+ = 0
1 .3004 4.976 0.500 .5534 + ,0031 1.874 + .021
2 .3004 4.976 0.500 .5544 + ,0024 1.880 .016
3 .3685 5.099 0.500 .6895 + ,0018 1.841 ¢ .010
4 .3339 5.227 0.500 .6531 £ ,0007 1.915 ¢+ .004

Average 1.878 £ .030
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mined for thallium (1) is independent of the thallium (1) concentration,
the KNO3 supporting electrolyte concentration, and the exposed platinum

electrode surface area within the limits of This study.

The tracer diffusion coefficient of +hallium (1) was found to be

1.877x 102 cm? /s with an uncertainty of 1.4%.

The tracer diffusion coefficient of fhallium (1) determined in
aqueous solutionswassimilar using either NaCIO4 or KNO3 as the sup-
porting electrolyte. The fracer diffusion coefficient of thallium (I)
determined from ten solutions containing either NaCIO4 or KNO3 as the
supporting electrolyte had an averaged value of 1.86><1O_5 cm? /s with

an uncertainty of 1.5%.

The Sand equation predicts that the limiting values of iT%/CTI(l)
will be a linear function of the electrode surface area, and pass
through the origin. The results plotted in Figure 19 from the ten
solutions containing either NaCIO4 or KNO3 as the supporting electro-
lyte show that this is indeed the case. This suggests that the ef-
fective electrode surface area is the same as the geometrically measured

electrode surface area.

System III. T]NO3 + L1NO3 + H20
Figure 20 records the results of two separate measurements made
in aqueous solutions of 3mM TIN03+-O.300M LiNOS. Transition Times

were measured from 1.744 seconds up to 79.18 seconds.



(TR
0. 0 0. 10 0.12 D. 14 .16

0. 0G

Figure 19.

T
0, 0€ 0. 16 0. 24 0. 32 0. 40 L. 48
Area /cw\"

1
it2/C plotted against apparent electrode surface area, A.



3. G0

oy
o' LTt
3.56
[<]
»

3.82

3.48
»

ol

<

“b. 00 e 20 40, 0.60 ,  0.80  lL.0e 1.20
T */ SEC™™*

L . -
Figure 20. i1* plotted against T ° for 3mM TINO, + 0.3M LINO; + H,0:
Run 1 (O); Run 2 (A).

Table 4

Tracer diffusion coefficient, DO’ of thallium (1) in 0.3M LiN03+H20

2 R 5 2
Run Area/cm CT|+/mM CLiNO /M Intercept x 10 Dy X 107em™ /s

3
1 .3187 3.010 0.300 .3498 = ,0005 1.818* .005
2 .3187 3.010 0.300 .3451 = ,0007 1.770 £ .007

Average 1.794 = .034
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The calculated tracer ditfusion coefficient of thallium (1) was
lower than that measured using NaCIO4 or KNO3 as the supporting electro-
lyte. The measured tracer diffusion coefficient of thallium (1) was

5

1.794 x 10"~ cm* /s with an uncertainty of 1.9%.

System IV. T1N03+NaN03 + H20
Figure 21 records the results of measurements made in Two aqueous
solutions of 3mM TIN034-O.300M NaNOB. Transition times from 0.860

seconds up to 84.83 seconds were measured.

The calculated tracer diffusion coefficient of thallium (1) was
1.981><1O_5 cm? /s, which is very much higher than That measured using
NaClO4, KNO3 or LiNO3 as the supporting electrolyte. The uncertainty

in the tracer diffusion coefficient was only 0.3%.

System V. T]NO3 + KNO3 + H20 + NMF

The results of plots of iT% versus T_% are presented in Figures
22 and 23 for solutions containing thallium (1) in 0.300 M KN03 sup-
porting electrolyte in solvents of 0.000, 0.253, 0.502 and 1.000 mole

fractions of NMF. The tracer diffusion coefficient determined from

these plots is presented in Table 6.

In Figure 24, the measured tracer diffusion coefficient of thal-
lium (1) is presented as a function of NMF solvent mole fraction for a
constant KNO3 supporting electrolyte concentration of 0.300M. It is
quite evident that the tracer diffusion coefficient decreases from a

maximum in pure water To a minimum in pure NMF in an exponential manner.
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Table 5
Tracer diffusion coefficient, DO’ of thallium (1) in 0.3M NaN03+H20
Run Area/cm2 Ciy4/mM C /M Intercept x 103 D, X 1050m2/s
Tl NaNO3 0
1 .3197 2.979 0.300 .3629 + ,0013 1.985% .014
2 3197 3.085 0.300 .3750+ .0010 1.976 + .011

Average 1.981 % .006
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Table 6

Depemdence of tracer diffusion coefficient, DO, for thallium (1)
on NMF mole fraction, XNMF’ for the 7H20+NMF+0.300M KNO3 system

Run XNMF Intercept x 103 DO X 105cm2/s
1 0.000 .3569 + .0010 1.877 % .010
2 0.253 .1920 = .0008 0.935 + .008
3 0.502 .2097 + ,0006 0.678 £ .004

4 1.000 L1794 £ 0006 0.506 * .0035
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The T|N03-+KN03-+H20-+NMF system has been investigated previously
by Hale and Parsons.B] They used pQIarography to measure the limiting
diffusion current for thallium (1) in mixed H20-+NMF solvents using
0.1N KNO3 as the background elecfrolyfe. It is known from polaro-
graphic theory that fthe square of the limiting diffusion current is
proportional to the tracer diffusion coefficien+.32 jt is not sur-
prising, then, to find qual itative agreement between the square of the
limiting diffusion current recorded by Hale and Parsons and the tracer
diffusion coefficient of thallium (1) determined by the author as a
function of H204-NMF solvent composition. It is worthy of note here
that, in Figure 5 of the paper by Hale and Parsons,B] the square of
the limiting diffusion current for thallium (1) at 0.75 NMF mole frac-
tion appears erroneousiy high. The author would suggest that their
curve should be redrawn, ignoring that point, on the evidence present-
ed here. |t is also of interest to note that the change in the tracer
diffusion coefficient of thallium (1) in H20-+NMF solvents is not re-

flective of the change of the macroscopic viscosity of H20+-NMF sol-

vents. This is in agreement 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 accurately determine the +ransition time, T, from an individual

chronopotentiogram.

N|—

The product iT? was found to show a distinct dependence upon T °,

which is not predicted from the theory proposed by Sand.11 The linear

_ 1 -
extrapolation to T 2 =0 of a plot of it* against T

Nf=—
=

was found fo be a
good method of obtaining accurate values of the tracer diffusion co-
efficient of thallium (1) in a variety of electroiyfte 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 to saturate 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 |ikely o be easily

separated from other dominating influences which are still not fully

understood and require further investigation.

The author also treated the chronopotentiometric data by the novel
approach of considering the measured fransition time to be the sum of
the true transition time and an exira period of time due to other charg-
ing processes occurring at the electrode/electrolyte solution interface.

The resultant form of the Sand equation due to this approach is
: N T 3 3
|(Tm-QC/|) = nFCODO m2A/2

where T is the transition tTime measured by the procedure presented by

the author.
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The tracer diffusion coefficients determined by both approaches
were almost identical, whereas the amount of charge QC was found to be
considerably greater than the value of Q determined from the slope of

it° against T °.

(S8

The tracer diffusion coefficient of thallium (1) was determined
to be 1.845x 1072, 1.88x 107>, 1.79x 107>, and 1.98 x 10" cn?/s in
concentrated aqueous solutions of NaC|04, KNOB, LiNOB, and NaNOB,
respectively. The difference in the calculated tracer diffusion
coefficients could be minimized by taking into account the relative
viscosities of the aqueous electrolyte solutions. The adjusted tracer
diffusion coefficient yielded an averaged value of (1.86%0.01) x 10_5cm2/s,
independent of the electrolyte type and concentration for the electrolytes
NaClO4, KNO3 and LiNO,. The difference in the fracer diffusion coefficient

3
determined in NaNO3 solution could not be accounted for in terms of a vis-
cosity effect. No explanation for the unusual behaviour of the T|N03-+
H20+NaNO3 system can be forwarded at this stage. The author suggests
that further tracer diffusion coefficient measurements in solutions of
different NaNO3 concentrations may bring further enlightenment on this

matter.

The tracer diffusion coefficient was also measured for thallium
(1) in a series of HZO-I-NMF-I-KNO3 solutions at constant electrolyte
concentration. The tracer diffusion coefficient was found to decrease
from a maximum of 1.88><1O—5 cm2/s in pure water to a minimum of
0.506 x 10-5 cm2/s in pure NMF. The change in the tracer diffusion
coefficient with change in solvent composition did not correlate with

the known change of the macroscopic viscosity of HZO-FNMF solutions.



2.34

The author tested the prediction of the Sand equation, that values
of iT%/C should be a linear function of the electrode surface area, and
pass through the origin. This was indeed found to be the case using
extrapolated i'r_i values determined from measurements in solutions con-
taining either NaCIO4 or KNO3 as the supporting electrolyte. The in-
ference from this agreement is that the effective electrode surface
area is the same as its geometrically measured surface area, even
though the platinum electrode surface was known to show surface

scratches and defects. A photomicrograph showing a typical elec-

+rode surface is shown in Figure 4a of Chapter 3 of this thesis.

The insensitivity of chronopotentiometry to minor surface ir-
regularities in solid electrode surfaces can best be understood when
one considers the concept of diffusion layer thickness. The diffusion
layer Thickness,xd, is related to the tracer diffusion coefficient, DO’

and the transition time, T, by the relaTion1

>
]
O
.
—
S
N|—

If the profile of surface unevenness is small in comparison with The
diffusion layer thickness, then the diffusion during electrolysis will
be dominated by semi-infinite linear diffusion to a plane electrode.
|f, however, the profile of surface unevenness is significant in com-
parison with the diffusion layer thickness, then the surface unevenness

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

For a typical tracer diffusion coefficient of 1.86x10_5 cm2/s
and values of T ranging from 1 second up to 100 seconds, the diffusion

layer thickness will be 43 um and 430 um, respectively. The platinum
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surfaces used in these studies were polished and etched such that
surface irregularities were of the order of 1 um or less. it can
be seen from the above example calculations that the surface ir-
regularities in the electrodes used here are not going to be sig-

nificant when compared with the diffusion layer thickness.

I+ is expected, however, that measurements such as double layer
capacitance are |ikely to be more sensitive to surface irregularities

in the electrodes used.
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INTRODUCTION

Cyclic voltammetry is the method of applying a triangular voltage
ramp to an electrochemical system over a potential range, with reversal
of the direction of the voltage ramp at the potential exfremes. The
resultant d.c. current plotfed as a function of electrode potential is

called a cyclic voltammogram.

The technique of cyclic voltammetry has found useful application
in the study of reaction kinetics, and chemical species identification.
Cyclic voltammetry has also proved a valuable method of characterizing
+he state of the electrode/electrolyte soiution infterface. The fech-
nique can yield information concerning the purity of the electrolyte,
the cleanness and structure of the electrode surface, and can permit
identification of regions of adsorption/desorption phenomena and

oxidation/reduction reactions.

Will and Knorr] applied this method to investigate the plaTinum/HZSO4
system. They found distinct current peaks in their cyclic voltammograms,
which were due to hydrogen atom adsorption/desorption, at potentials
anodic to the onset of molecular hydrogen gas evolution. Since the
experiments of Will and Knorr, many papers have been published showing
cyclic voltammograms for polycrystalline and single crystal platinum

el The cyclic voltammograms for such

electrodes in acid solutions.
systems clearly demonstrate differences related to the surface struc-

ture of the platinum electrodes.

The interpretation of hydrogen atom adsorption on platinum has
been complicated by the different methods employed by research groups

in preparing the electrode surfaces. Some researchers in their criti=-
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cism of cyclic voltammograms published by ofhers claim tThat their
methods of electrode preparation have resulfed in contamination of
t+he electrode surface, or else resulted in poorly defined crystal

surfaces.3’4’d’9

However, since hydrogen atom adsorption should be reflective of
Tne electrode surface on an atomic level, the fechnique has been used
as a means of determining the effective area of platinum electrodes.
| f one hydrogen atom is adsorbed per platinum surface atom, then the
amount of charge required to form a monolayer of adsorbed hydrogen
atoms can be determined from crystallographic parameters. The amount
of charge adsorbed due to hydrogen atom adsorption can be calculated
from the cyclic voltammograms and compared with the theoretical vaiue
calculated for a single monolayer. The ratio of these charges is
termed the roughness factor, as it gives an estimate of the deviation
of the electrode surface from perfect smoothness. The roughness fac-
tor is a useful concept, since electrochemical measurements at elec-

trode surfaces often require knowledge of the effective surface area.

From the chronopotentiometric study of tracer diffusion co-
efficienTs discussed in the previous chapter, it was concluded by
+he author that the effective surface area of a polycrystalline
platinum electrode was the same as its geometric surface area.
This was found to be the case even when the electrode was known
to exhibit minor surface irregularities. |t was expected that the
hydrogen adsorption fechnique would be more sensitive to electrode
surface irregularities, and result in roughness factors being de-
termined that were much greater than unity. The measurement of

roughness factors of variously prepared polycrystalline platinum
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electrodes, using the hydrogen atom adsorption method, have been made
and commented upon by the author. The results of the author indicate
that property prepared electrodes can yield low roughness factors, and

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

I+ must be noted, however, that the estimation of the surface
roughness of solid metal electrodes via the above method is limited
in its application to only a few metals that display distinct hydrogen
atom adsorption/desorption peaks. Other methods have to be employed
to determine roughness factors for other metals. The roughness of
silveﬁ polycrystalline and single crystal electrodes, for example,
has been estimated using the method of Parsons and Zobel24 by a

25-28

number of authors. Also, the method of Brummer and Makrides29

has been used to estimate roughness factors for gold elecTrodes.30
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EXPERIMENTAL
ELECTRONIC EQUIPMENT
A d.c. triangular voltage ramp was generated using a PAR175
Universal Programmer, and potentiostatically applied To a standard
three electrode electrochemical cell using a PAR375 Potentiostat-
Galvanostat. The potential range extfremes and the potential scan

rate were preset manually on the Universal Programmer.

The cell output current was amplified, and then displayed as a
cyclic yoltammogram using either a Tektronix 603 Storage Oscil loscope
or a Houston Instruments Omnigraphic 2000 X-Y Recorder. Alternatively,
the amplified cell output current was stored in a Dala Lab DL905
Transient Recorder, and accessed through a Hewlett Packard H.P.85
computer using an original computing programme that enabled integra-
tion and graphical display of a cyclic vol|tammogram. The integration
programme was based upon the Newton-Coates formula,B] taking seven

data points each time.

The combination of the Data Lab DL905 Transient Recorder and the
Hewlett Packard H.P.85 computer was used fo develop a cycle averaging
procedure whereby a number of single cycle voltammograms could be

manipulated to give a single averaged cyclic voltammogram.

ELECTROCHEMICAL CELL
A standard three electrode system was used. The electrodes and
electrolysis cells used were the same as those previously described

and depicted in Figures 2-9 of Chapter 2 of this thesis.
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Three types of platinum working electrodes were studied. These
were the platinum disc electrode, the Teflon-encased platinum electrode,

and the shielded platinum Cottrell cell electrode.

All solutions were de-oxygenated prior to any measurements by

bubbl ing pure argon or hydrogen gas through the solution for about

one hour.

All measurements were made at 25.00% 0.05°C.

CHEMICALS

Solutions of the desired acid concentration were made up by
diluting stock solutions of either B.D.H. 98% Aristar Sulphuric Aicd,
or Merck 70% Pro Analysi Perchloric Acid. Dilution was made using

pure water, as described previously in Chapter 2 of this thesis.



PRELIMINARY RESULTS

The generated d.c. triangular voltage ramp also contained a small
50 hz a.c. noise component associated with the mains power supply.
The effect of the a.c. signal component was evident when a cyclic
voltammogram was displayed on an oscilloscope, butf not when record-

ed on an X-Y recorder, due to its response |imitations.

The noise ripple was found to cause a problem at low scan rates,
and in the hydrogen atom adsorption region. Modification to the power
supply of the PAR175 Universal Programmer reduced the a.c. ripple to
less than 1 mV RMS, which in turn reduced the a.c. response in the
cyclic voltammograms. Modification 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 cyclic voltammograms before and
after the power supply modification. Before the modification, the
a.c. ripple component swamped the voltammograms at low to moderate
scan rates, as shown in Figure la. After the modification, The a.c.
ripple effect was diminished so that accurate cyclic voltammogram
+races could be measured at moderate scan rates. The records of

Figure 1, excepting Figure ta, show the post-modification results.

A cycle averaging procedure and a capacitive filtering technique
were used by the author to remove the residual a.c. component. Placing
a capacitor of an appropriate value across the output of either the PARI75
or PAR373 devices was found to be an effective method of filtering out the
a.c. component. The averaging of a number of cycles without any capaci-

tive filtering produced an identical result to that of a single cycle
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Figure la. Cyclic volfammogram of polycrystalline platinum in H,SO
recorded on a cathode ray oscilloscope (C.R.0.) showing
swamping effect due to a.c. noice ripple. Scan rate = 50 mV/s

Figure 1b. Cyclic volfammograms of polycrystalline platinum in H,SO
recorded on a C.R.0. at scan rates of 50 mV/s (inner . =
trace) and 500 mV/s (outer trace). Post power supply
modification.
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with capacitive filtering. These results are presented in Table 1,

and discussed in the following section.

I+ is noteworthy that the response |imitations of an X-Y recorder
produce an effect similar to a filtering capacitor. Therefore, any
cyclic voltammogram recorded on an X-Y recorder will not record any
a.c. ripple effect unless the a.c. component is extremely large. For
poorly earthed electronic equipment, the a.c. mains ripple can be suf-
ficiently large fo give rise to false peaks in hydrogen atom adsorption/
desorpfion studies where an X-Y recorder was used to record the cyclic
voltammograms. Obviously, well-earthed electronic equipment is essen-

tial in avoiding any complications.
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RESULTS AND DISCUSSION

Figure 2 shows typical cyclic voltammograms for polycrystalline
platinum electrodes in H2504 obtained by cycling through the hydrogen
adsorption and oxide formation regions. Scanning in a cathodic direc-
+ion from the double layer region toward the region of hydrogen gas
evolution reveals two distinct adsorption peaks due largely to hydro-
gen atom adsorption. The total cathodic charge measured in this re-
gion is the sum of the charges associated with the adsorption of hydro-

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

lution of molecular hydrogen.

The use of cyclic voltammetry in H2804 to determine platinum
surface areas is a well-established technique. However, it is fraught
with assumptions, and relies upon the ability to isolate the charge
passed in adsorbing a monolayer of hydrogen atoms from charges due To
other processes that occur simultaneously. The commonly accepted as-
sumptions are that each surface metal atom can adsorb one hydrogen
atom, and that double layer charging is constant over the potential
range of interest. The controversy arises in the attempts of various
researchers to separate the charge associated with hydrogen atom ad-
sorption from that associated with faradaic reac‘rion.w-23 tn a recent
paper, Barna, Frank and Teherani2] described a scan rate dependent cy-
clic voltammetric technique to separate the charge due to hydrgoen atom
adsorption from the scan rate dependent charge associated with faradaic

reaction. The disadvantage of using such a technique is that the length

of time required for measurements is a prohibitive 8-16 hours.

The total charge measured, corrected for the amount due to fara-

daic reaction and double layer charging, is divided by the charge per
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unit area expected from crystallographic considerations fo give a
measure of the effective surface area. For polycrystalline platin-
um the accepted theoretical value is 210 uC/cmz, even though this is
recognized as a somewhat arbifrary choice.]9 The effective electrode

area divided by its known geometric area is fermed fthe roughness factor.

The technique used by the author involved scanning in a cathodic
direction from a potential in the double layer region to the potential
of the current minimum after the most cathodic adsorption peak. The
total charge adsorbed in this region was determined by square counting
or integration based upon the Newton-Coates formula, depending on whether
an X-Y recorder or a data logging system was used, respectively. Correc-
tion for the double layer charging component was made in the usual way,
by subtracting thecurrent between the zero charge axis and the base

line defined by the current in the double layer region.16

Table 1 shows roughness factors determined by the author for a
variety of polycrystalline platinum electrodes, with correction for

double layer charging where that was considered significant.

Figure 2 compares cyclic voltammograms obtained in 1M HZSO4 under
similar conditions using polycrystalline platinum electrodes. Curve |
was obtained using a Teflon-encased platinum electrode, while curve 11
was obtained using a platinum disc electrode. Curve Il was shifTea 20 mV
more cathodic to normalise the positions of the extreme cathodic minimum
in both curves | and Il. This resulted in superposition of the oxide
reduction peak, but clearly revealed distinct differences in the hydro-

gen atom adsorption and desorption phenomena on the different electrode

surfaces.



Table 1

Roughness factors determined in acid solutions
for a number of polycrystalline platinum electrodes

Electrode

Platinum disc®

Teflon-encased plaTinumb

Teflon-encased plaﬂnumc

Platinum Cottrell CelId

Acid Solution

0.92M

0.92M

HZSO4

HZSO4

0.8m H,SO

1.29m

0.99m

0.99m

0.99m

0.99m

1.04m

1.04m

1.04m

2°%4

HQIO4

H.,SO

Roughness Factor

.09

.35
.39
.48

.47

.77 (lowest cycle)
.90

.05 (highest cycle)

aPIaTinum disc prepared by flame cleaning procedure.

b

acid solution.

Electrode not mechanically polished or etched, but cleaned in

cElecTrode mechanical ly polished, etched, and cleaned in acid

solution.

d

Electrode mechanically polished, etched, and cleaned in acid

solution. Roughness factors given in order of increasing
number of potential cycles.
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Figure 3. Cyclic voltammograms of polycrystalline platinum in acid solution: H2504 (Curve 1); HCIO4 (Curve 11).

- 50 mV/s scan rate.
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The different hydrogen atom adsorption/desorption structure in
the cyclic voltammograms is reflective of differences in the surface
structure of the platinum atoms. The relative proportion of the
charge under the two hydrogen atom adsorption peaks in Figure 2 is
different for the two different electrodes. The most cathodic adsorp-
Tion peak is more dominant in the case of the platinum disc electrode
than for the Teflon-encased platinum electrode. From platinum single
crystal studies by Hubbard,32 this may imply that there are relatively
more crystals with (111) orientation in the surface of the polycrystal-

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

A comparison of cyclic voltammograms is made in Figure 3 that
shows differences related to anionic species present in the solution.
The cyclic voltammograms were obtained for the same Teflon-encased
platinum electrode in H2504 and HCIO4 under similar conditions. The
anionic species certainty must influence the adsorption of hydrogen
atoms on to 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 1o be 6.1 and 6.5 in the HZSO4

and HCIO4 solutions, respectively. The average roughness factor is 6.3+ 3%.

At the centre of much controversy in hydrogen atom adsorption
studies using cyclic voltammetry has been the use of potential cycling.
I¥ is widely recognized that cycling an electrode through the oxide
formation and hydrogen adsorption regions can remove impurities ad-
sorbed on to the electrode. Such cycling, however, can also result in
a roughening of the surface33 and surface resTrucTuring.34 The first
potential cycle and any change in the cyclic voltammogram structure

with successive cycles will reflect the true nature of the prepared
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electrode surface. For a clean electrode surface, the shape of the
first cyclic voltammogram should not alter with successive cycles, so

long as surface restructuring was minimized.

A number of intricate systems were developed to minimize con-
tamination of the electrode surfaces during their transfer from the

place of cleaning into the electrochemical cell.'7>’4’14’15

Using such
methods made the practice of prolonged potential cycling to clean the
electrode redundant. A simpler method, due To Clavilier and Chauvineau,35
recognized the importance of protecting the electrode surface from contact

with the atmosphere during the fransfer stage. They achieved this by

covering the electrode surface with a droplet of pure water.

The author tested the method of Clavilier and Chauvineau using
cyclic voltammetry to investigate hydrogen atom adsorption on to
polycrystalline platinum electrodes. |t was found that, for an
electrode that had been exposed to the atmosphere after the final
cleaning, the first cyclic voltammogram showed very poorly defined
hydrogen atom adsorption peaks. Upon successive potential cycles,
the hydrogen atom adsorption peaks became more distinct. However,
for an electrode that had been transferred to the cell with ifs
surface covered by a droplet of pure water, the first potential
cycle showed clearly defined hydrogen atom adsorption peaks, which

did not alter significantly with successive potential cycles.

Obviously, adsorption of atomospheric contaminants will be a
hindrance in electrode surface studies, so the author has adopted
the procedure of transferring cleaned working electrodes into electro-

chemical cells with the electrode surface protected by a droplet of
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pure water or the electrolyte solution of interest. |t is also obvious
+hat the first cyclic voltammogram will provide information concerning

+he cleanliness of the electrode surface.

BreiTer36 recognized that flame cleaning could be used o prepare
platinum electrodes with low levels of surface contaminants. Clavilier
et al16 used low energy electron diffraction and auger electron spectro-
scopy to show that their flame treatment method produced PT(100) surfaces
that were clean, and properly defined with a 1x 1 structure. In contrast,
however, Grant and Haas37 found that the PT(100) surface could not be
cleaned by high temperature cleaning alone, as low energy electron dif-
fraction patterns showed a ring-like structure due Yo carbon contamina-

tion of the surface.

The only flame-cleaned working electrode ‘used in these studies by
the author was the platinum disc electrode. From Table 1 it can be seen
+hat such an electrode was found to have a roughness factor of 1.09.

This is lower than that for any other electrode represented in Table 1.
From the scanning electron microscope photographs recorded in Figure 4,
it is apparent that the platinum disc electrode shows many surface flaws,
especially when it is compared with a mirror-finished, polished, platinum
sTub.40 It is quite possible, then, that the platinum disc electrode was
contaminated by carbon material during the flame cleaning process, effec-
tively reducing the available platinum surface area by acting as a block-
ing agent. This would account for the apparently low surface roughness
factor. |f the disc electrode were contaminated by carbon material,

the material would most probably be present as islands on the surface
rather than as a sheef, because the author was able to obtain first

sweep cycles which showed distinct hydrogen atom adsorption peaks

which did not alter markedly with successive pofential cycles.
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Figure 4a. S.E.M. micrograph of platinum disc surface showing
polycrystalline nature.
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Figure 4b. S.E.M. micrograph of mechanical ly polished platinum surface
showing scratches <1 um in width. See Appendix 2 for

discussion.
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Figure 4c. S.E.M. micrograph of platinum disc surface using normal
secondary electron image.
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Figure 4d. S.E.M. micrograph of platinum disc showing same area as
Figure 4c, but using back scattered electron image.
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The other electrodes represented in Tabie 1 were prepared by
mechanical polishing techniques. |T is well known that a disturbed
layer exists at the surface of mechanically polished metals. The
packing and position of the surface metal atoms are not the same as
they are at equilibrium or in the bulk meJraI.38 This disturbed layer,
however, can be removed by chemical etching or electrochemical cleaning

methods.

Many researchers have used conventional mechanical polishing and
acid etching techniques to produce smooth, regular electrode surfaces.
The dangers of using chemical and electrochemical etching techniques
have recently been pointed out by Caracciolo and Schmid+.39 They
found that etching modified the crystallographic nature of the elec-
trode surface, and suggested that standard cleaning procedures for
platinum surfaces would be highly effective in forming facets of

another crystallographic orientation.

As a result, the author decided upon a short, 30 second hot aqua
regia etch after mechanical polishing of platinum electrodes, to remove
the disturbed surface layer but prevent excessive surface crystallo-

graphic modification.

Figures 5and 6 show cyclic voltammograms from which roughness
factors were determined. Figures 5 and 6 are reproductions of the
printer output from the Hewlett Packard H.P.85 computer. To ensure
that reproducible conditions were maintained, the potential of the
Teflon-encased platinum working electrode was cycled over the range
+1.307 V to -0.178 V (versus S.C.E.) in between measurements. A

single cycle over the range +0.307 V to -0.178 V (versus S.C.E.)



Figure 5, Curve I. Cyclic voltammogram of hydrogen atom adsorption on
platinum using capacitive filtering. Reduction
current upward.
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Figure 5, Curve II. Cyclic voltammogram of hydrogen atom adsorption
on platinum using cycle averaging procedure.
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Figure 6, Curve I. Cyclic volfammogram of hydrogen atom adsorption on
platinum using capacitive filtering. Reduction
current upward.
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Figure 6, Curve II. Cyclic voltammogram of hydrogen atom adsorption
on platinum using cycle averaging procedure.
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was recorded between the extended range cycles. Curve | in each case
was a single cycle using a capacitive filter. Curve |l was obtained

by averaging seven individual cycles without any capacitive filtering.

The roughness factor determined from Figure 5 was 1.35 and 1.39,
and 1.48 and 1.47 from Figure 6, for curves | and Il, respectively.
From these results it can be seen that the capacitive filtering tech-
nique and the cycle averaging procedure both produced identical results,
allowing for an expected experimental error of a few percent. The dif-
ference in the average roughness factors, of 1.37 from Figure 5 and
1.48 from Figure 6, shows that The electrode became rougher between
+he two sets of measurements. This was due to a prolonged period of
cycling over the extended potenfial range in between the sets of measure-

ments.

The roughness factors of 1.37 and 1.48 were determined for a
Teflon-encased platinum electrode. The electrode had been mechanic-
ally polished toamirror finish using diamond and alumina poliéhing
pastes, and then etched with aqua regia. For a similar platinum
electrode that had not been polished or etched, the roughness fac-
tor was determined to be 6.1 on two separate occasions. The great
difference in the roughness factors defermined for unpolished and
polished electrodes shows the effectiveness of the polishing technique

in producing smooth surfaces.

Table 1 also shows the roughness factor determined for a platinum
Cottrell cell electrode as a function of increasing number of cycles
through the oxide formation region. The roughening of The electrode

surface is evident with increasing number of cycles.



CONCLUSION

Cyclic voltammetry is a powerful electrochemical tool for in-
vestigating the solid metal electrode/electrolyte solution interface.
The first cycle and successive cycles can yield information regarding

the cleanliness and structure of electrode surfaces.

The author tested the electrode transfer method of Clavilier and
Chavineau,35 and found the method to be successful in mainfaining a
clean electrode surface. The method was adopted by the author as a
standard procedure for electrochemical studies using solid metal work-

ing electrodes.

The investigation of hydrogen atom adsorption from acid solutions
using platinum electrodes is well 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-
line electrodes. The roughness factors measured varied from 1.09 up ‘o
6.5, showing a marked dependence upon the cleaning and polishing tech-

niques used.

The determination of roughness factors using cyclic voltammetry
is not free from assumptions or controversy. A more thorough attempt
to el iminate charge associated with faradaic reaction would most likely
result in a lowering of the roughness factors presented in Table 1. The
author, however, used a consistant technique to determine roughness fac-
tors, so that the values recorded are of value, at least, in a compara-

tive sense.
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In the preceding chapter of this thesis it was concluded that the
technique of chronopotentiomefry was insensitive to minor electrode
surface defects. The use of cyclic voltammetry fo study hydrogen atom
adsorption on solid metal electrode surfaces has been shown to be more
sensitive to surface defects than chronopotentiometry, as was expected.
This was supported by the measurement of roughness factors greater than

unity.

The lowness of the measured roughness factors of prepared platinum

electrodes suggests that a roughness factor of unity is attainable with

due care. This is the belief also of a number of researchers.3_6’16
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GENERAL INTRODUCTION

The theory of double layer capacitance is discussed in Chapter 1.
The purpose of this chapter is to describe the fechniques emp loyed to
measure the double layer capacitance. Various techniques, such as sine
wave alternating current, and charging techniques using square wave
currents or constant current pulses have been used fo obtain data
which is converted into capacitance and resistance elements of the

double iayer on the basis of simple RC analogue circuits.

The mercury/agueous electrolyte solution interfacial capacifance
has been measured by a multitude of researchers, and considerably re-
viewed. For this system, excellent independent agreement was found
for the properties of the interface calculated from surface tension
data and electrocapillary theory, and those from differential capaci-
Tance measuremenfs.1 Literature, however, is lacking whereby the dif-
ferent techniques of obtaining double layer capacitance for solid elec-

trode/electrolyte solution interfaces are directly compared.

The essentially independent Single Current Pulse2 and Alternating
Current Impedance (A.C. lmpedance)3 methods have been used to measure
the double layer capacitance associated with the solid electrode/elec-
trolyte solution interface. The author seeks here to bring the two
methods mentioned above into comparison from the point of view of data
acquisition as applied to the solid electrode/electrolyte solution inter-

face.
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SINGLE CURRENT PULSE METHOD
INTRODUCTION

For a system of electrodes at equilibrium, maintained at a con-
stant potential, the application of a single pulse of current will
perturb the system, causing a resultant change in potential. |If the
electrodes are properly selected, such that the reference electrode is
non-polarizable, then the resultant change in potential will occur across

the working electrode.

I the electrode/electrolyte solution interface behaves as a
simple RC circuit, as in Figure la, then the capacitance of the system

can be calculated.

The most common way of determining capacitance using single cur-
rent pulse measurements was dubbed the Two Point Linear Approximation
Method. In this method it is assumed that the parallel resistance is
infinite, and that the capacitance, C, is related to the applied cur-
rent, |, and the rate of change of the electrode potential, dv/dt,

according to the equation

C = 1/(dv/dt) 1]

When the effective paralle!l resistance is finite, the above method
will yield erroneous capacitance values. The effect of a finite paral-
lel resistance will be fto reduce the potential change as a function of
time. The resultant potential-time response of the electrode system

will be curved, and not linear as expected from eguation [13.
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Figure 1a. Simple model of the electrode/electrolyte solution
intferface consisting of a capacitor and resistor in

series.
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Figure 1b. Model of the electrode/electrolyte solution interface with
finite parallel resistance.
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The author adapted a polynomial least squares curve fitting
routine successfully fo curved potential-time responses.inorder fo
obtain true values of the parallel resistance and capacitance. This

method has not been used previously by any other researcher.

An independent method of obtaining parallel resistance and
capacitance values has also been used with favourable results.
The method attributed to Isaacs and Leach4 yields parallel resist-
ance and capacitance values from a plotof log(dv/dt) against time,

T.

The results of the Single Current Pulse Method are presented and

discussed for a number of analogue RC circuits.

TECHNIQUE
Two Point Linear Approximation Method

The earliest users of the Single Current Pulse Method used
measurements taken from the potential-time response recorded on
an oscilloscope in an attempt to determine double layer capacitance.
Two suitable points were selected at the extremes of a highly linear
portion of the potential-time response, and the slope between them
taken to be the rate of change of the potential, dv/dt. From the
knowledge of the applied current, |, the capacitance, C, was deter-

mined using the equation

C = I/(dv/dt) 1]
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This method will yield unambiguous capacitances only when dv/d+
is a constant. This will only be the case when the parallel resistance,
associated with the electrode/electrolyte solution interface, is in-

finite.

Polynomial Least Squares Curve Fit Method

In the case where the electrode/electrolyte solution interface
possesses a finite parallel resistance, it will no longer be possible
to determine a true capacitance using equation [1], since dv/dt will

no longer be a constant.

Let us now look at how C, |, V and T will be related to a finite

paral lel resistance as portrayed in Figure 1b.

At +=0 , before the current pulse is fired, if the system is
equilibrated, then IC==0, and Tthe capacitor will be charged to a

potential Y.

At T==O+, at the triggering of the current pulse, all the current
must flow instantaneously through the capacitor to establish a poten-
t+ial difference across the capacitor to enable current to flow through

the circuit.

From Figure 1b it must be frue that

Ve = ¥ + va [2]

and | = IR + IC = constant [3]
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Diffcrentiating with respect to time we get

8V
Ve _ &, Ro
8t &t ot
GVRP
= (since Y = constant)
Sl Sl
81l oo _R,_C
S
Sl 8l
~R=. .8
= & Tt

v
- _C
C =1/ %
av
C _
or ot |C/C
From [4]
GVR
P = /c
5t C
Now, since
Vv = Ry x |
RP P R
GVRP N
E———9 = R ——

4]

5]

L6]

[7]
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From [5]

Ve Sl

= Rl
=t T Reer Cel

Equating equations [7] and [8] we find

Sl
_ G
'c/C = Rt
Sl
C _ 1
> (1/|C]W— = ﬁ"‘—c—
P
» 6£n|c - 1
6t RPC
— §enl . = - —— x &t
C R-C
P
_ T
= Lnt . = - =—= + constant [9]
C RPC
At t=0, VC=1P and |C=O.
At T=O+, o= which upon substituting into [9]
=> constant = 4nl
= il = = + el
C R.C
P
- KH[I_C] = i
| RPC
= L/1 = explot [10]
C RPC

From [3]
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Substituting into [10]

[=1 1
R -t
——7 _-:exp_....
| [RPCJ
| \
R =
= 1| - T T exp ﬁ;ﬁ
] [
F——2 ___:1_exp___
SEPES
_ -t
= IR = IF —eprﬁxﬂ]
So v = IR [1 - exp|ots
R P RPC
If + < RPC then
p
2 5
t 1 +
Vo = IR;|I1T = |1 - + - + ...
R P RPC 2R2C2 6R3C3
L P P
—_— T
P RPC ZRZCZ 6R303
L P P
| | 2 | 3
= =t T+ = -
C 2 2.3
2RPC 6RPC
From [2]
VC =y + VR
— V=gt o s L7 - ... D]
2RPC 6RPC
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Equation [11] is of the form

a 2 .3
VC—AO+A1T+A2T +A3fr + .

which states that the potential drop across the double layer capaci-

tance will be a polynomial function with respect to time, t.

The derivation of equation [11] shows the validity in using a
polynomial least squares curve fitting routine tc extract values of
Rp and C from the recorded potential-time response of a system rep-

resented by Figure 1b.

From equation [11] it can be simply shown that equation C1d will

result from the special case of Rp==W, as expected.

Isaacs-Leach Log(AV/At) Plot Method

For an electrode/electrolyte solution interface that can be
represented as a resistor and capacitor in parallel, then, for a
constant current, |, the voltage drop across the circuit will be

given by the equation

v = IR(1 - e T/CRy [12]
Differentiation of [12] gives

dv

L, ~T/CR
dt C

X

which can be expressed. in the form

av) _ (1) ot 1
'OQ[E?J - '09[0] " RC * 2.303 L13]
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A plot of log [%¥} against time, T, should give a siope of
1/(2.303RC), and an intercept at t=0 of log [—'C-],“

Dyer and Leach showed that the same method could be used to
distinguish multiple RC networks, as fong as each time constant for

the RC networks differed by at least a factor of Ten.5

INSTRUMENTATION
Figure 2 schematically depicts the instrumentation used for the

single current pulse measurements. Each section is discussed below.

A single d.c. current pulse was applied between the counter
electrode and the working electrode using a constant current source
designed and built within the Chemistry Department Electronics
Workshop6 after the design of Riney, Schmid and Hackerman.2 Fur-
ther specifications of the device are obtainable from Reference 6.

The current applied to the cell was nominally 1, 2 or 4 mA. Calibra-
t+ion of the current was made for each series of measurements from the
measured potential drop across an accurately known resistor. The length

of the current pulse could be varied from 0.1 ms to 10 ms.

The working electrode was polarized with respect to an auxillary
electrode using a battery powered variable potential source. The
working electrode potential was monitored relative to the reference
electrode using a high input impedance Kiethley Instruments 602

Electrometer. For measurements made on pure resistor-capacitor



CONSTANT
CURRENT
SOURCE

MEASURING
CIRCUIT

POLARIZER

/‘A
£ R

W

CONDITIONER

FIGURE 2. Instrumentation used for the Single Current Pulse Method
using 4 electrode system:
reference (R); auxillary (A).

working (W); counter (C);
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circuits, results were independent of the polarizing potential and,

hence, the polarizer was not required in those experiments.

The potential-time response of the cell was recorded using a Data
Lab DL905 Transient Recorder, and visually followed using a Tektronix
434 Storage Oscilloscope. Data stored in the Transient Recorder was
accessed and manipulated via an interfaced Hewlett Packard HP85 Computer
using an original computer programme. The computer programme devised
enabled selectivity of data to yield capacitance and resistance values

in accordance with the three techniques mentioned previously.

SERIES RESISTANCE CONSIDERATIONS

The series resistance between the working 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. Ideally,
the magnitude of this initial jump will be given by the product of the
applied current and the series resistance. This initial potential jump
and the electrode potential was successfully compensated for using a
d.c. polarizing source so that the potential-time response could be
optimized to yield accurate values of the parallel resistance and

capacitance.

|+ was found necessary to reduce the 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 the connecting cable and leads. |f this RC element were

allowed to be sufficiently large, then it could interfere with the
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identification of the RC element associated with the double layer.
The effect of the non double layer RC element is an initial bending

of the potential-time curve.

The series solution resistance was minimized using either a luggin

capillary or a close contact, low resistance electrode probe.

In the case where a luggin capillary was used, it was necessary
to use a voltage follower between the high impedance reference elec-
trode and the 1 MQ input impedance of the Data Lab DL905 Transient

Recorder before true capacitances could be determined.

RESULTS AND DISCUSSION
From the results presented in Table 1 it can be seen that the
Single Current Pulse Method can be used to accurately determine the

resistive and capacitive components in double layer analogue circuits.

The resistive and capacitive components have been measured
accurately using the |saacs-Leach Log(AV/At) Plot Method, and the
Polynomial Least Squares Curve Fit Method. Both methods yield very
similar results. The determined parallel resistance and capacitance
values correspond to those of the analogue circuits within the quoted

experimental error in all but a few cases.

For the single RC component systems, circuits 1-4, only for
circuit 2 is there poor agreement between the measured and expect-

ed value for the parallel resistance.



Table 1

Capacitance and resistance
determined for double layer analogue circuits
using the Polynomial Least Squares Curve Fit Method
(Polynomial Method) and the |saacs-lLeach Log (AV/AT) Plot Method
(Log (AV/At) Plot Method)

Circuit Analogue Capacitance Resistance

Number Circuit uF 94 Method
=
L/\/\AM 0.965* .011 1076+ 110 Polynomial
16001k
2 16.77+ .12 679 + 320  Log (AV/AT)
16.74 + .10 500 * 81 Polynomial
1000
T
[
3 16.07 £ .20 95.9%15.0 Log (AV/AT)
16.21 % .10 108.9+5.8 Polynomial
10002
| Jormt
I
4 16.98 % .59 9.47% .76 Log (AV/At)
16.63* .18 10.20+ .53 Polynomial
—v\v
10:0
035/4): JouF
g A B A 0.384+.010 94.9+3.6 Log (AV/AT)

B 16.58 % .85 - Log (AV/AT)

O*'bb/uF l/MF
[_ .301 +.002 264.2%1.7 Log (AV/AT)
6 C/\_\/W 8 .931 £+ ,024 704 £ 93 Log (AV/At)
.987 % .016 913+ 59 Polynomial

w o>
oNeoNe

+ I+ I+

Plot

Plot

Plot

Plot
Plot

Plot
Plot
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I+ must be remembered here that the magnitude of the parallel
resistance determines the curvature evident in The potential-time
response. The lower the value of the parallel resistance, the
greater will be the curvature of the potential-time response over
a fixed Time domain. This effect is evident in Figure 3. The
accuracy of measurement of the parallel resistance is related to
how much curvature there is in a particular potential-time response.
¥ the curvature is low, then accuracy of defermining the parallel
resistance will also be low. Therefore, the accuracy of defermining
the parallel resistance will be greater for smaller resistances when
measurements are made over the same time domain. For systems with a
high parallel resistance component, it is necessary, therefore, o ex-
tend the time scale of measurement so as to maintain a reasonable level

of accuracy.

In Table 1, all measurements were made over a time domain of
200 us or 500 us. The agreement between the measured and expected
parallel resistance is markedly improved by increasing the time domain
to 5000 pus. For a time domain of 5000 us, the resultant parallel re-
sistance derived for circuit 2 was found to be 876+ 153 Q2 using the
| saacs—Leach Method, and 1028 + 53 Q using the Polynomial LeasT Squares
Cruve Fit Method. This is in good agreement with the expected value

of 1000 Q.

The value of the parallel capacitance is determined from The
initial portion of the potential-time response which inherently is
a region of low curvature. The accuracy of determination of capaci=-

tance using the |saacs-lLeach and Polynomial Least Squares Curve Fit
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Figure 3. Effect of parallel resistance on the potential-time response
of a capacitor (16 uF) in parallel with a resistor R :
Rp=1OQ (O); Rp=1OOQ (4A).
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Methods .is therefore reasonably independent of the curvature of the
potential-time response and, hence, also of the value of the parallel

resistance.

The Two Point Linear Approximation Method will obviousiy give
accurate capacitance values only for extremely linear 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 the dual RC component systems, circuits 5 and 6, the results
show that the Isaacs-Leach Method can be used to distinguish between
various RC components for RBCB>>RACA. Good agreement was achieved for
circuit 5 where RBCB==480><RACA, but agreement was not as good for cir-
cuit 6 where RBCB==30><RACA. The |saacs-Leach Method is a powerful
means of separating real RC elements, and determining suitable time

domains to determine accurate values for parallel resistances and

capacitances. This is clearly seen in Figure 4.

|+ is evident from the results presented here that the investiga-
tor of an unknown system, with an unknown number of RC elements, needs
to apply the method of |saacs and Leach4 to distinguish the number of
such elements and the suitable choice of a Time domain for measurements.
When the number of RC elements and the desired time domains have been
discerned using the lsaacs-Leach Method, then, and only then, could
one expect to determine unambiguous capacitance and resistance values
using a polynomial curve fitting procedure as that used in the Polynomial

Least Squares Curve Fit Method.
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ALTERNATING CURRENT IMPEDANCE METHOD
INTRODUCTION
Akin to the method widely used for polarography with superimposed
alternating voltage on mercury electrodes, a small a.c. signal was super-
imposed on a triangular voltage sweep to measure the a.c. impedance of

solid electrodes.

This measured impedance is generally interpreted assuming the
electrode/electrolyte solution interface fTo be equivalent to a resist-
ance and capacitance in series. This is equivalent to assuming an in-
finite resistance in parallel with the capacitance, which is The proper-

ty of an ideally polarizable interface.

For a system that is equivalent to a resistance, Rs’ and a

capacitance, CS, in series, the total impedance, Z, will be given

by7

[14]

N
1l
X

s * JwC

Therefore

1
+ |=
s JwCS

N|—

JwC

e

1 + juC R
s's

juc_ + wzciRs
= L15]
s 202
S S

where w is the angular frequency of the applied a.c. signal.
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Also

L16]

n
N|<

"
=
X

S S
2.2.7 Li7]

The real component of the current, IO, will be given by

szciRs

| = — 18]
L 1-+w202R2
ss

and the imaginary component of the current, I9O’ will be given by

wVC

s .

| o & = [19]

20 1-+w202R2
S S

Therefore

s's _
| VwC = wCRy [20]
90 =3

From equation [18]




= £21]

R = [22]

From equation [[19]

wVC

| e =S

90 1+ w202R2

s s

Therefore
|

cC = —E%l(1+-w202R2)
s Vw S 's

I90 lU ’
:W‘I.FE(; [23]
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For a system, however, that is equivalent to a resistance, Rp’

and capacitance, Cp, in parallel, the total impedance, Z, will be
givén by7
Z = ((/R) +Jpr)-1 [24]
Therefore
IR jwC [25]
zZ R p
p
Also
_ v
s
=V x [R]—+JwC ] [26]
p
p
The real component of the current, IO’ will be glven by
-V
IO Rp [27]

which rearranges 1o give

P o
The imaginary component of the current, 190, will be given by
I90 = Vpr [29]
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which rearranges fo give

Cp = I90/Vw [30]

I+ should be noted here that other analogue circuits are also
possible. Such analogue circuits may involve combination of simple
series and parallel circuits or contain a warburg impedance. The
other simple system of interest fo these studies is the combination
of a resistance, Rp’ and a capacitance, Cp' in parallel, along with

a resistance in series, Rs'

The applicability of a given analogue circuit, however, can be
tested by plotting the complex-plane impedance spectrum for the ana-
logue circuit, and comparing it with the experimentally obtained
complex-plane impedance spectrum. The requirements for such a
spectrum are that the real and imaginary impedances are determined
as a function of the frequency of the applied a.c. signal. The dis-
tinctiveness of the spectra for various analogue circuits is seen in

Figure 6, and also in Figure 3 of reference 7.
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INSTRUMENTATION
Figure 5 schematically depicts the instrumentation used Yo
determine capacitances using the A.C. Impedance Method. Each

component element is discussed below.

A small a.c. potential was taken from the internal oscillator of
a PAR Model 122 Lock-in Amplifier, and added to a d.c. trianguiar volt-
age ramp taken from a PAR 174 Polarographic Analyzer. The frequency of
the 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 altered from

0.1 mV/s to 500 mV/s. .

The signal was applied potentiostatically to the cell via the
PAR 174 Polarographic Analyzer, and the cell response monitored

through a PAR Accessory 174/50 A.C. Polarographic Analyzer Interface.

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-In Amplifier, which has phase angle selectivity. The output a.c.
component 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

Instrument Omnigraphic 2000 X-Y Recorder.
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SERIES RESISTANCE CONSIDERATIONS
I+ is most common to interpret the double layer as the equivalent
of a resistance and capacitance in series using equations [22] and
[23]. From equation [23] it is obvious that the magnitude of the
correction factor, [_31_2, will affect the accuracy of determination
of the measured capal?gance. For this reason, it is desirable that

the resistive component current be minimized.

The reduction of the resistive component current was effected in

two ways.

Firstiy, the series resistance between the working and reference
electrodes was lowered. This could be achieved by using either high
electrolyte concentrations or a luggin capillary to bring the reference

electrode physically closer fo the working electrode.

Secondly, iR positive feedback could be used to compensate for
the iR drop through the solution, hence reducing the resistive com-
ponent of the current. The use of such a method is commonly practised
even though there appears to be some uncerfainty concerning the correct

procedure of applying iR compensa‘rion.8

The author used the PAR Accessory 174/50 A.C. Polarographic
Analyzer Interface to apply IR compensation to the cell through the
PAR 174 Polarographic Analyzer. The technigue used, described else-
where,9 employed the gradual application of positive feedback until
the current response began to oscillate. The feedback was then set
at a point just before oscillation would occur, to give maximum iR

compensation.
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RESULTS AND DISCUSSION
From the results presented in Table 2 it can be seen that the

A.C. Impedance Method can be used to accurately determine the resist-

ance and capacitance elements in simple double layer analogue circuits.

Figure 6 shows the distinctiveness of the complex-plane impedance

spectra for the series, and parallel combination of a resistance and

capacitance. |t is evident that the analogue circuit for the electrode/

electrolyte solution interface should be discernable from its complex-

plane impedance spectrum.

I+ must be mentioned here that the method used to apply iR
compensation presumes that 100% iR compensation is applied. This
may not be the case, however, as the technique uses a somewhat
arbitrary setting of the applied compensation. This fact is the
basis of the uncertainty concerning the correct procedure of apply-
ing iR compensation. A device is now available that Kuo8 claims is
able to accurately apply 100% iR compensation. The exact amount of

iR compensation applied need not concern us here, though, because The

author found the measured capacitances to be independent of the extent

of the applied iR compensation.
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CONCLUSION

From the results presented here, if the electrode/electrolyte
solution interface for particular systems can be represented by a
simple RC analogue circuit, then, use of the Single Current Pulse
Method and the A.C. Impedance Method should enable determination of
the appropriate analogue circuit, and yield accurate capacitance values.
The two methods are quite independent in their application, but should

be able to yield the same results for identical analogue circuits.

The Single Current Pulse Method will provide rapid evaluation of
the appropriate analogue circuit from a single measurement using the
| saacs-Leach Log(AV/At) Plot Method. Both the | saacs-Leach Log(AV/At)
Plot Method and the Polynomial Least Squares Curve Fit Method should
enable accurate determination of the capacitance and parallel resis-

tance of the electrode/electrolyte solution interface.

The value of the capacitance determined using the A.C. tmpedance
Method, on the other hand, will be very sensitive to the equivalent
analogue circuit selected. This stresses the importance of using
complex-plane impedance plots fo determine the appropriate equivalent

analogue circuit before calculating the capacitance.

The results presented here suggest that there should be enough
information obtainable from the Single Current Pulse Method and The
A.C. Impedance Method to say something definite about the appropriate-
ness of various equivalent analogue circuits for the electrode/electrolyte

solution interface.
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INTRODUCTION

The Gouy-Chapman-Stern (GCS) model of the interface has been
extensively used to interpret data obtained for the mercury/electrolyte
solution interface.. The apparent success of the model for the mercury
electrodec resulted in it also becoming the model used to describe the
solid metal/electrolyte solution infterface. The model has its |imita~
tions, however, and this is particularly the case when applied fo the
solid metal/electrolyte solution interface, as was discussed in Chapter
1 of this thesis. The simplicity of the GCS model, while making it use-
ful in treating interfacial data, is too simple to provide reasons as to
why different solid metals, and even different crystal faces of fthe same

metal, show different behaviour.

I+ is a well-documented truth that crystalliographic structure of
the metal surface influences the double layer capacitance. This is
clearly shown in a recent review by Hamelin et al.1 [T is True, how-
ever, that most work of a practical nature involves polycrystalline
electrodes. It is necessary, therefore, to maintain an overall balance
between investigations uing single-crystal and polycrystalline elec-
trodes, so that the advancement of double layer theory from accumuiated
data will ultimately manifest itself in the everyday world. The work
presented here has been based solely on the use of polycrystalline
material. |t is expected, however, that further work in this labor-

atory will involve single-crystal electrodes.

The results from many solid metal/electrolyfte solution interface
studies have been presented in |iterature, in which different electrode

surface preparations and measuring techniques have been employed. Al-
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though this is beneficial, the different procedures can cause chaos
and stagnation unless the good experimental techniques are clearly

highlighted, and the poor experimental techniques are exposed.

For example, the investigation of hydrogen atom adsorption on
single-crystal and polycrystalline platinum electrodes from acid
solution is an area where much controversy has arisen due to differ-
ent procedures used in preparing the electrode surfaces (see Chapter
3 of this thesis). Obviously, the data presented by some of the re-
searchers has no positive value because of the poor experimental pro-
cedures used to gather the data. The same, undoubtedly, can be said
for some of the double layer capacitance data accumu lated over the
years. |t will have no positive value because it does not Truly
represent what it claims. The advancement of the theory of the double
layer interface can only be impeded by the unwitting use of poor ex-

perimental data.

I+ is noteworthy that a number of different methods are currently
employed to measure the capacitance of the solid electrode/electrolyte
solution interface. In the preceding chapter of fhis thesis, the author
discussed two essentially independent methods used to measure the double
layer capacitance of fhe solid metal/electrolyte solution interface. It
was noted that, if the solid metal/electrolyte solution interface corres-
ponded to a simple analogue circuit, then the capacitance determined by
+he two methods should be the same. The results of those methods are
presented in this chapter for agueous electrolytes, and in Chapter 7

for electrolytes dissolved in n-methy| formamide (NMF).
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The two methods used by the author were the Single Current Pulse
MeThod2 and the A.C. Impedance MeThod.3 Both methods provide suffi-
cient information to test simple analogue circuits from which the

double layer capacitance can be obtained.

Only the behaviour of one system investigated, the platinum +
0.001M NaNO3 + HZO system, failed to conform to a simple analogue
circuit. The results for the other systems studied appeared to
behave in apparent conformity fo simple analogue circuits. The

results obtained by the Single Current Pulse Method and the A.C.

Impedance Method, however, gave only moderate to poor agreement.

A further complication to interpretfing double layer capacitance
measurements is introduced by The roughness of solid electrodes.
Borisova and Ershler4 found that the frequency dependence of the
double layer capacitance in A.C. Impedance measurements could be
decreased by effectively smoothing the electrode surface by melting

shortly before making the measurements.

A number of researchersB_8 have clearly established fthat roughness
of solid electrodes affects the double layer capacitance measurements.
Ideally, the solid electrode/electrolyte solution interface is looked
upon as being equivalent 1o a perfect capacifor in series with the
solution resistance. Measurement of such an ideal system at a number
of frequencies should produce a vertical line on a complex plane im-
pedance plot. |1 was found, however, that surface roughness caused a
deviation from the ideal behaviour, such that the impedance plane plot

formed an angle to the horizontal between 90° and 45°, De Levie5 claim-
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ed that polishing of polycrystalline platinum electrodes caused this
angle to approach, but not attain, the ideal angle of 90° to the
horizontal. When this angle is close to 90°, then the defermined

capacitance will be equal to the double layer capaciTance.7

The author would like to point out here a further compiication
in these studies that can arise, making the effects of surface rough-
ness and a parallel resistance component hard fo qisTinguish. Figure
1 shows an example of the complex plane impedance spectrum obtained
for the solid metal electrode/electrolyte solution interface. In
Figure la, the data has been fitted by a straight line making an
angle of 74° to the horizontal. In Figure ib, the data has been
fitted by an arc of a hemi-circle. The interprefation of Figure
la might be that the interface behaves as a capacitor in series with
the solution resistance, with distortions due to surface roughness.
The interpretation of the same system as represented in Figure 1b
would be that of a capacitor and resistor in parallel combined with

the series resistance of the solution.

The author found that complex plane impedance plofs were required
at a number of potentials to give a betfer understanding as to The most
likely double layer analogue circuit for the system studied. However,
the author has presented in the ftext only a representative number of
complex plane impedance plots - that Thought sufficient to support the

author's choice of a particular analogue circuit.
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EXPERIMENTAL
GENERAL
The methods used to obtain information in these double layer
capacitance studies, and the equipment used, have already been des-

cribed in Chapter 4 of this thesis.

The electrolysis cells used in these experiments have been

described in Chapter 2 of this thesis.

ELECTRODES

A standard three electrode system was used for the A.C. Impedance
Method, whereas an extra auxiliary electrode was deemed necessary for
the Single Current Pulse Method measurements, as discussed in Chapter

4 of this thesis.

The polycrystalline platinum working electrodes used in these
studies have been previously described in Chapter 2. They are the
Teflon-encased polycrystalline platinum electrode, the polycrystalline
platinum disc electrode, and the polycrystalline platinum Cottrell

Cell electrode.

The polycrystalline silver working electrode used in These
studies is depicted in Figure 2. A polycrystalline silver cylinder
was encased in Kel-F material, and screw fitted into a perspex support
which was kept out of contact with the solution. Electrical contact

with the silver cylinder was made via a brass rod.



Brass contact rod

€ Holding screw

B34 Quickfit cone

Perspex support

Kel=F holder

—fxposed surface of silver cylinder

Figure 2. Polycrystalline silver electrode.
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The counter electrode used was either the horizontally 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

auxiliary electrode in the Single Current Pulse measurements.

The reference electrode used for all studies in this chapfer was
a saturated calomel electrode separated from the electrolysis cell in
a side-arm of a luggin capillary. All potentials quoted in this chap-

ter are with respect to this electrode.

CLEANING AND PREPARATION PROCEDURES
All glassware and Teflon and Kel-F components were rinsed in de-
ionised water, soaked in pure nifric or sulphuric acid, and then rinsed

thoroughly and soaked in milli-Q quality water.

The assembled working cell was steam cleaned without oven drying.
All glassware other fhan the electrolysis cell was oven dried, while
all Teflon and Kel-F components were air dried on clean Whatman No. 5,

11.0 cm filter papers.

The platinum wire auxiliary electrode and the platinum disc
counter electrode were both soaked in pure nifric or sulphuric acid,

and then rinsed and stored in milli-Q quality water until required.
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The polycrystalline platinum disc electrode and the vitreous
graphite rod were cleaned by rinsing in water, and then heating tfo
'red hot' in a flame. The platinum disc electrode was quenched in
pure milli-Q quality water, and transferred into the working cell with

a droplet of pure water covering ifs surface.

The other polycrystalline working electrodes had their surfaces
polished to a mirror finish using conventional metallographic lap
polishing techniques, using diamond or alumina paste. The finest
finishes were obtained using 0.05 um alumina paste. The electrode
surfaces were cleaned ultrasonically and by rinsing in water, and then
etched for 30 seconds in aqua regia. The electrodes were further clean-
ed in pure sulphuric or nifric acid, rinsed, and left to soak in pure
milli-Q water until required. From the acid cleaning stage until being
placed info the electrolyte solution in the electrolysis cell, the work-
ing electrode surface was kept covered by pure water, or the electrolyte

of interest.

The polycrystalline silver electrode was lap polished using
alumina paste, and then further cleaned using a chemical procedure
similar to those of Bewick and Thomas,9 and Adzic, Hanson and Yeager.]O
Aqueous solutions of 20 volume percent of H202 and 21 g/1 of NaCN were
mixed in a 1:1 ration, and used to chemically efch the silver surface.
The electrode was held in this sotution for a maximum of three seconds,
or until gas evolution occurred. The electrode surface was then exposed
to air for a brief period, to allow gas evolution fo occur. The elec-

trode was then transferred into an agueous solution of 21 g/ 1 NaCN un-

til gas evolution ceased. The electrode was quickiy rinsed in pure
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water before its transfer into the second solution, to minimize con-
tamination of it with H202.

times until a highly reflective surface was obtained.

This whoie procedure was repeated several

Adzic, Hanson and Yeager10 found that using such a procedure to
polish silver single-crystals produced surfaces of high enough quality
to yield low energy diffraction patterns without further treatment,

suggestive of atomically flat, well ordered surfaces.

Further preparation of the silver electrode was carried out by
maintaining the electrode at a potential of -1.40 volts for more than
one hour in the solution of interest. This final stage electroreduc-
tion procedure was carried out in all silver studies reviewed by

Hamel in, Vitanov, Sevastyanov and Popov.1

CHEMICALS
Hydrochloric Acid (HC1)
B.D.H. Aristar Ultrapure HCl was diluted fo the desired concen-

tration using milli-Q quality water.

Potassium Nitrate (KNO3)

B.D.H. Analytical reagent was used.

Sodium Chloride (NacCl)

B.D.H. Analytical reagent was used.
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Sodium Fluoride (NaF)
B.D.H. Analytical reagent was used after heating to more than

450°C to remove volatile material.

Sodium Nitrate (NaNO3)

B.D.H. Analytical reagent was used.

water (HZO)
Milli-Q quality water of >18 MQ/cm2 resistance with a final stage

0.22 pm Millipore filter was used.

SOLUTION DE-OXYGENATION

The solution to be investigated was flushed prior to measurements
for a period of about one hour, using high purity argon gas. Argon
gas was then continually passed over the solution surface for the
duration of the measurements. An in-line vanadyl oxygen scrubbing
system was used, as mentioned previously in Chapter 2. This system,
however, did not appear to remove impurities, such as oxygen from the
gas, nor did it appear to add impurities from the vanadyl solution to
the electrolysis cell solution. As such, this oxygen scrubbing solu-

+ion was not used in the latter measurements.



RESULTS AND DISCUSSION
PRELIMINARY RESU.TS

Preliminary measurements of capacitance were made on sysfems using
water of inferior quality to milli-Q water. The milli-Q system is des-
cribed elsewhere,11 and discussed by Rosen and Schuldiner.]2 The in-

ferior water used was equivalent to triply disfilled water.

For the polycrystalline platinum/1M HCI /HZO system, the lesser
grade of water did not reflect itself noticably in the measurements.
The capacitance-potential curves were similar, and the capacitance
showed a time dependence, whether milli-Q water was used or not. The
results presented for this system in Figures 3 and 7 were made using
lesser grade water, and hydrochloric acid stock that was only of

Analytical, rather than Aristar, quality.

For the polycrystalline gold/0.010M NaF/HZO system, however,
reproducible capacitance-potential curves could only consistently
be obtained using milli-Q quality water. Although this system was
not further studied beyond a preliminary stage, the effect of water
quality on results was enough +o convince the author of the necessity

of using high quality milli-Q water in double layer capacitance stfudies.
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SYSTEM I: Pt + 1M HCI + H20
The Single Current Pulse Method was used to investigate the

polycrystalline platinum/aqueous 1M HCI interface.

From Figures 3-7 it is evident that the |saacs-Leach Log (AV/AT)
Plot Method and the Polynomial Least Squares Curve Fit Method give
excel lent agreement. The Two Point Linear Approximation Method, on
the other hand, only produces fair agreement when utilizing the first
50 us. Over time ranges further removed from the origin, this latter
method yields anomolously high capacitance values as the deviation
from linearity of the potential-time transient becomes more accentuated.
This effect is clearly shown in Figure 7. The Two Point Linear Approxi-
mation Method can be used to obtain relative differential capacitance
values; however, The author sees no value in using this method, since
+he |saacs-Leach Log (AV/At) Plot Method and the Polynomial Least

Squares Curve Fit Method both yield absolute capacitances.

The results of the Single Current Pulse measurements agree favour-
ably with those of RoberTson,lswhOleed an A.C. Bridge Method, and
Riney, Schmidt and Hackerman,2 who used a Single Current Pulse Method.
The results presented here are more accurate than those published by

Robertson, and Riney et al.

Table 1 gives a typical sef of results achieved with the Single
Current Pulse Method. For a single potential-tTime response curve, a
number of evenly spaced sets of poinfs were taken, and analysed using
the Polynomial Least Squares Curve Fit Method (Polynomial Method) and

+he |saacs-Leach Log (AV/At) Plot Method (Log (AV/At) Plot Method).
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The calculated uncertainties in these measurements vary from 0.7% to
1.9% for the Polynomial Method, and from 0.7% to 3.2% for the Log (AV/At)

Plot Method.

Table 1

. . 2
Dependence of capacitance in uF/cm
determined by the Polynomial Method and the Log (AV/AtT) Plot Method
on electrode potential

POLYNOMIAL METHOD

Potential/volts  Group A Group B Average
+0.30 37.95+20.50 37.97+0.58 37.96+0.01
+0.40 32.27+0.23 - 32.27
+0.50 27.62+0.28 = 27.62
+0.60 23.83+0.23 23.35+0.19 23.59+0.34
+0.70 21.52+0.34 22.21+0.33 21.87+0.49
+0.80 21.74 £0.42 21.75%20.30 21.75%0.01
+0.90 22.97 £0.44 21.81%£0.42 22.39+0.82
+1.00 30.08 +0.34 30.46+ 0.39 30.27 £ 0.27

LOG (AV/At) PLOT METHOD

Potential/volts Group A Group B Average

+0.30 38.02+0.51 38.55%0.60 38.29+0.37
+0.40 32.66%0.24 = 32.66

+0.50 28.18+0.38 - 28.18

+0.60 23.77+£0.23 23.77+0.23 23.77+0.00
+0.70 22.96 +0.52 22.54 £ 0.42 22.75%0.30
+0.80 20.99%0.60 21.58+£0.38 21.29+0.42
+0.90 21.78+20.70 21.63+0.49 21.7120.11

+1.00 29.24 +0.37 29.11%0.31 29.18£0.09
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Selection and analysis of another group of evenly spaced sets of points
for the same potential-time response curve provides an internal check
on data accuracy. The results for two groups of points are presented
in Table 1, and these are quite typical for all The results presented

in this chapter for the Single Current Pulse Method.

In Table 1, The Group A calculations were made on a set of points
selected at 250 us infervals over the range of 250 ps to 5,000 us.
The Group B calculations were made on a set of points selected aft
250 us intervals over the range of 375 us to 4875 us. The average
of Group A and Group B calculations is tabled, and the quoted un-
certainty is the standard deviation between the calculations. This

standard deviation is typically of the order of 1.5% or less.

The average of Group A and Group B calcuiations presented in

Table 1 is presented graphically in Figure 6.

The capacitance-potential curves displayed in Figures 3-7 con-
sistently display the same essentials. Fach curve displays a capaci-
+ance minimum at +.80V. From this minimum the capacitance increases
in both the anodic and cathodic directions. The increase in capaci-
tance with change in potential is greatest at the potential range ex-

tremes.

From the cyclic voltammogram displayed in Figure 8, which is
typical for this system, three major potential - ranges can be observed.
The extreme cathodic portion is a region of high current due fo reduc-

+ion of hydrogen ion producing atomic and then molecular hydrogen.
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The extreme anodic portion is a region of high current due fo oxidation
of chioride to produce chlorine. The potential region in between The
extremes is the so-called double layer region. In this latter region
only would one exspect to measure true double layer capacitance, un-

affected by faradaic reaction.

The high capacitance exiremes of the capacitance-potential curves
can thus be correlated with the onset of chloride ion oxidation at anodic
potentials, and hydrogen ion adsorption and reduction at more cathodic

pofentials.

Robertson noted a time dependence in his capacitance measurements
at fixed poTenTials.13 The author had previously noted that capacitance
measurements were time dependent, often requiring 10 or 15 minutes be-
fore stable values were obtained when polycrystalline platinum elec-

trodes were used.]4

Figures 9 and 10 show the variation of the capacitance with tTime
at a number of selected electrode pofentials, determined by the Polynomial
Method and the Log (AV/At) Plot Method, respectively. At the cathodic and
anodic potential extremes of +.30 V and +1.00 V, respectively, the capaci-
+ance increased with time. In the vicinity of the capacitance minimum at
+.80 V, the capacitance showed |ittle tendency to vary at all. |In the po-
tential regions in between the extremes and the potential of the capaci-
tance minimum, the capacitance fended to decrease with time. An example

of this latter behaviour occurs at +.60 V.



3?.00

]
[

36. 00

3?.00

1

30. 00

CAPACITANCE / uF/CM2
28 00

26. 00
b

2?.00

2?.00

»20. 00

‘o0 6. 00 B. 00 10. 00 12. 00 14, 00 16. 00 18. 0O
TIME / MINUTES

Figure 9. Dependence of capacitance of Teflon-encased polycrystalline
platinum In 1.00m HCl (Polynomial Method) on time at
selected electrode potentials: +0.30 V (O); +0.60 V
(A); +0.80 V (+); +1.00 V (X)),



QZ
i o
®-
m
i [t
|
o
(]
<]
m
6LS
S i
(TR
=
~8
w o
um
z
== X
i—-
we | X
C o
ILN'|
Ion
() ! X
(=]
o4
@ A
NI
A
[}
o
<«
o a
o
o
o
Nl, +
_ +
o
o
O_Ii_ f 1 T 1 1 1 1
. 00 6. 0O B.L0 10. 00 12. 00 14, 00 16.C0 18.00

Figure 10.

TIME / MINUTES

Dependence of capacitance of Teflon-encased polycrystalline
platinum in 1.00m KCl (Log (AV/At) Plot Method) on time at
selected electrode potentials: +0.30 V (O); +0.60 V (A);
+0.80 V (4); +1.00 V (X).



Table 2

Dependence of Parallel Resistance in ohms on time of measurement
at selected electrode potentials

Time/minutes 4 5 6.5 10 15 15.5 16
Potential/volts
+0.30 = - = 124 - = 119
+0.60 168 - 170 167 164 - -
+0.80 - B - 166 = 163 =

+1.00 = 178 = 176 180 = -
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The complex Time dependence of the measured capacitance was not
reflected in the associated parallel resistance measurements. Table
2 shows that the measured parallel resistance was independent of the
+ime of measurement. The results presented in Table 2 correspond to
the capacitance results presented in Figure 10. The resistance was,
however, found to be dependent upon the electrode potential. The
parallel resistance was found to be low, and increased with increas-

ing anodic polarization.

The effect of the magnitude of the current pulse was tested by
measuring the capacitance of an individual system using currents of
1 mA and 4 mA. The capacitance-potential curves were found fo be
identical, showing no dependence on the current pulse magnitude.
This result shows that the capacitance determined using The Single
Pulse Method is related to the electrode potential prior to The
firing of the current puilse, and not related to some averaged
potential due to a change in the electrode potential during The
application of the current. If the latter were the case, then the
capacitance-potential curve would be displaced along the potential

axis as the current was increased.

The polycrystalline platinum/aqueous 1M HCI system was also

investigated using the A.C. Impedance Method.

A typical anodic potential scan is displayed in Figure 11,
showing the measured 0° and 90° components of the a.c. current.
This data was used to determine the capacitance-potential and

resistance-potential curves displayed in Figures 12 and 13,
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respectively. The results were obtained at a frequency of 5 hz using

a potential scan rate fo 10 mV/s.

Interpretation of these results for the platinum/1M HCI interface
in terms of a resistor and capacitor in series does not appear to con-
form to reality. The expected series resistance should be low in mag-
nitude due to the high electrolyte concentration, and also independent
of the polarizing potential. Figure 13 clearly shows that neither of
these criteria are met as the calculated series resistance varies from

96 ohms at +0.30 volts up to 569 ohms at +0.95 volts.

Figures 14 and 15 were obtained using a different polycrystalline
platinum electrode. The resulfs show that both the series capacitance
and series resistance are dependent on the frequency of the applied
a.c. signal. Figure 16 displays the equivalent 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 electrode potentials.

The impedance plane plots made at electrode potentials of +0.30
volts 1o +0.60 volts are shown in the lower plot in Figure 17. It can
be seen that these plots can be approximated by straight lines making
an acute angle 8 to the horizontal axis. The angle 6 was found to de-
crease from 84° +o 81° upon changing the electrode potential from +0.30

volts to +0.60 vol+ts.

At electrode potentials more anodic than +0.60 volts, the

impedance plane plots become increasingly curved with increasing
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anodic polarization. This behaviour is contrasted to the linear

behaviour at +0.30 volts in the upper plot in Figure 17.

The intercept of the impedance plane curves with the real axis
gives the true series resistance. The average intercept at electrode
potentials of +0.30, +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 virtual zero
resistance is very reasonable, considering 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 resistance shown in
Figure 15 is only an artefact of the non-ideal behaviour of the
system. It is evident from the impedance plane plots that the true
series resistance can only be measured at high frequencies or found
by extrapolation. The high apparent series resistance displayed in
Figure 13 was determined using a low frequency of 5 hz. From the
preceding discussion it is evident that these results do not reflect
the true situation, but rather reflect the failure of the series re-
sistor and capacitor analogue circuit to perfectly mimic the behaviour

of the polycrystalline platinum/aqueous 1M HCl interface.

From the Single Current Pulse Method it was noted that capacitance
measurements were time dependent. This time dependence was investigated
by slowing the potential scan rate in the A.C. Impedance Method. The
results were found to be dependent upon the potential scan rate select-

ed.
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Figure 18 shows the results obtained using the A.C. Impedance
Method with a scan rate of 10 mV/s and a lower scan rate. The resulvs

are presented for both the simple series and parallel analogue circuits.

The potential scan took 70 seconds to complete at the moderate
scan rate of 10 mV/s, and more than 120 minutes to complete at the
lower scan rate. The low scan rate was achieved by maintaining the
working electrode at a fixed potential for a period of 15 minutes
before making measurements. The electrode potential was then advanced
in 0.10 volt steps to more anodic potentials. This controlled poten-
tial stepping procedure enabled direct comparison of the A.C. Impedance
results 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 there is a marked
change with time in both the series and parallel capacitances deter-

mined using the A.C. Impedance Method.

From Figure 19 it can be seen that the capacitance-potential
curve determined using the A.C. Impedance Method has a simjlar shape
+o that determined using the Single Current Pulse Method. All curves
display a capacitance minimum a¥ +0.80 volts. The magnitude of the
capacitance minimum, however, is some 12% higher for the A.C. Impedance

Method than for the Single Current Pulse Method.

Figure 20 shows the resistance-potential curves corresponding to
the capacitance data displayed in Figure 18. The curves determined

using the A.C. Impedance Method show the effect of time on the cal-
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culated resistance, assuming a simple parallel analogue circuit. In
the region of the potential extremes, where faradaic reaction is |ike-
ly to be occurring, the parallel resistance showed low values, as one
would expect. The parallel resistance increased from those regions 1o
a maximum at +0.70 volts, where any faradiac reaction effects are | ike-

ly to be a minimum.

The value of the parallel resistance determined from the Single
Current Pulse Method, however, was very different from that determined

using the A.C. Impedance Method.

From the above results and discussion, it is quite obvious that
A.C. Impedance data collected for this system at even moderate scan
rates will not be characteristic of a stabilized interface. If however,
+he interface was allowed time to stabilize, Then the system showed a

response that was more typical of what was expected.

RoberTson13|neasured'fhe capacitance in hydrochloric acid at The
minimum with respect to potential, employing polished polycrystalline
electrodes of different apparent areas varying by a factor of one hun-
dred. He found that the measured capacitance plotted againsTt the ap-
parent electrode area could be fitted by a straight line intercepting
the origin. He cited this as evidence that his polished electrode
surfaces approximated true planes, within the technique limits to
detect surface irregularities, and that the true electrode capacitance
at the minimum was 191 uF/cmz. This value was used by Riney,

Schmidt and Hackerman2 to normalise their results obtained for

the same sysftem using a Single Current Pulse Method. It must be
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pointed out, however, that the results of Robertson can also be infer-
preted as reflecting a consistent electrode surface roughness, due to
the use of the same polishing technique to produce smooth electrode

surfaces.

Table 3 shows the roughness factors obtained by the author using
different methods for a number of polycrystalline platinum electrodes.
The first two rows of results present the roughness factor as the ratio
of the capacitance minimum at +0.80 volts and a normatl ising capacitance
minimum of either 19.0 pF/cm2 or 13.3 pF/cmz. The value of 19.0 uF/cm2
is the value suggested by Robertson, whereas the minimum capacitance
recorded by the author was found fto be 13.30 uF/cmz. The final row in
the table presents the roughness factor determined from cyclic voltam-
metry in sulphuric acid solution, as described in Chapter 3 of this

thesis.

The capacitance minimum defermined at +0.80 volts using The
Single Current Pulse Method was 13.30 uF/cmZ, 17.72 uF/cmz, 21.80
pF/cm2 and 21.52 uF/cm2 for electrodes A, B, C and D, respectively.
The above capacitance minima were determined from the capacitance-

potential curves displayed in Figures 3, 4, 5 and 6, respectively.

From Table 3 it can be seen that better correspondence of deter-
mined roughness factors occurs between the cyclic voltammetric results
and the capacitance measurements using a normalising factor of 13.3.
Even using this as the normalising factfor, the agreement between the

cyclic voltammetric and capacitance reuslts is only moderate.



Table 3

Roughness factors determined by different methods
for a number of polycrystalline platinum electrodes

Electrode A B C D
P+ disc Pt Cottrell Cell Teflon—encased Pt Teflon-encased Pt
Method
c . /19.0 0.70 0.93 1.15 1.13
min
cC . /13.3 1.00 1.33 1.64 1.62
min
1.48 1.48

Cyclic Voltammetry 1.09 2.05
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The lowest apparent roughness factor was determined for the
platinum disc electrode, which was the only electrode fto undergo a
flame cleaning technique. The other electrodes, B, C, and D, all

underwent standard polishing and etching fechnigues.
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CONCLUSION

The capacitance of the polycrystalline platinum/1M HCI
interface was determined using both the Single Current Pulse
Method and the A.C. Impedance Method. The capacitance was found
to have a time dependence that was also dependent on the polariz-
ing potential. The resultant capacitance-potential curves were
found to qualitatively agree with those previously determined by

RoberTson,]B and Riney, Schmidt and Hackerman.

For the Single Current Pulse measurements, the Polynomial
Method and the Log (AV/At) Plot Method were found fo give almost
identical results. The apparent parallel capacitance defermined
via these methods was found to be independent of time, but depen-
dent on the polarizing potential. The parallel capacitance was
found to be low, and to increase with increasing anodic polariza-

tion.

The complex plane impedance plots determined using the A.C.
Impedance Method fell into two basic groups. At cathodic poten-
tials up to +0.60 volts, the data was best fifted by a straight
| ine making an acute angle of more than 80° with the real axis.

The interface at these potentials isequivalent to a pure capacitor,
with distortion due fto surface roughness. At potentials more ano-
dic than +0.60 volts, the data was best fitted by an arc of a hemi-
circle corresponding to the analogue circuit of a capacitor and re-

sistor in parallel.
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The capacitances determined by the Single Current Pulse
Method and the A.C. Impedance Method were found to give reason-
able qualitative agreement, but were consistentiy higher for the
A.C. Impedance Method. The paralliel resistances determined by
+he methods were dissimilar, with the resistance determined by
the A.C. Impedance Method being considerably greater than that

determined by the Single Current Pulse Method.

Roughness factors determined via the cyclic voltammetric
method and a capacitance normalisation procedure were compared,
and found to give poor to moderate agreement only. The platinum
disc electrode, however, was found to have the lowest roughness

factor using either method.
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SYSTEM II: Pt + 0.100M X + H20
Pt/0.100M NaCl/H20
Figures 21 and 22 show the capacitance-potential curves determined
from A.C. Impedance measurements for the polycrystalline platinum/

aqueous 0.100M NaCl interface at a frequency of 10 hz.

Figure 21 shows the series capacitance defermined at a moderate
scan rate of 10 mV/s and a much slower scan rate. The slow scan rate
was obtained by holding the working electrode at a constant potential
for a period of 15 minutes before stepping the electrode potential by
0.10 volts to a more anodic potential. At all potentials other than
the iniftial potential at -0.50 volts, the capacitance determined at
the slow scan rate was lower than that determined at the faster scan

rate of 10 mV/s.

Figure 22 shows the capacitance-potential curves obtained at the
slow can rate, assuming the interface to behave as a series resistor
and either a series capacitor or a capacitor and resistor in paralleli.
The capacitance determined asa parallel capacitance was quite similar

to that determined as a series capacitance.

The general shape of all the capacitance-potential curves is
similar. Each curve has a central capacitance hump with a maximum

at about 0.00 volts, and high capacitance extremes.

Pt/0.100M KNO3/H20
Figures 23-25show the capacitance-potential curves determined

assuming simple series and parallel equivalent circuits for the poly-
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crystalline platinum/agueous 0.100M KNO, interface using the A.C.

3

Impedance Method. The results were obtained at a frequency of 20 hz.

The capacitance determined for The series and parallel analogue
circuits is quite similar, except at the potential range extremes,
where the ratio of the real current and the imaginary current becomes

significant.

The capacitance-potential curves show marked differences between
those obtained at a moderate scan rate of 5 mV/s and those obtained at
a much slower scan rate. The slow scan rate was achieved by maintain-
ing the working electrode at a fixed potential for a period of 12 min-
utes before taking measurements. The electrode potential was then

stepped by 0.10 volts to a more anodic potential.

Figure 26 shows the capacitance-potential curves obtained using
the A.C. Impedance Method and the Single Current Pulse Method. The
curves were obtained by holding the working electrode at a potential
for 12 minutes prior to making the measurements. After the measure-
ments, the electrode potential was stepped fo a new potential, 0.10
volts more anodic than the previous potential. From Figure 26 it can
be seen that there is reasonable agreement, excepting between -0.40
volts and 0.00 volts, where the capacitance determined using the A.C.
Impedance Method is considerably lower than that determined using The

Single Current Pulse Method.

The parallel resistance determined for the simple analogue circuit

of a capacitor and resistor in parallel is presented in Table 4. It
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Table 4

Comparison of parallel resistance in ohms
calculated from A.C. Impedance Method at 20 hz
with Single Current Pulse Method at various electrode potentials

Potential/volts -0.50 -0.40 -0.30 -0.20 -0.10 0.00 +0.10 +0.20 +0.30
Method
A.C. Impedance 1049 5751 7987 5751 2875 2246 2614 3594 3594

Single Current Pulse 95 215 321 389 310 200 259 323 487
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can clearly be seen that there is very poor agreement between the
resistance determined by the A.C. Impedance Method and the Single
Current Pulse Method. The results presented in Table 4 for the Single
Current Pulse Method are those determined using the |saacs-lLeach lLog

(AV/ATY Plot Method.

The general shape of the capacitance-potential curves presented
in Figures 23-26 is similar to that presented for the Pt + 0.100M NaCl
+ H20 system, having a central capacitance hump with a maximum at 0.00

volts.

Pt/0.100M NaNO3/H20

A typical cyclic voltammogram is displaygd in Figure 27 for the
polycrystalline platinum +0.100M NaNO3 + HZO system. A scan rate of
20 mV/s was used. From the cyclic voltammogram it can be seen that
the potential region between =0.60 volts and +0.60 volts is a region
where |ittle oxidation or reduction occurs, and thus was selected as

the region for double layer capacitance measurements.

The A.C. Impedance Method was used To determine the capacitance-
potential curves for the polycrystalline platinum/aqueous 0.100M NaNO3
interface. Figures 28, 29 and 32 were obtained using a Teflon-encased

polycrystalline platinum working electrode, and Figures 30, 31 and 33

were obtained using a polycrystalline platinum disk working electrode.

From Figures 28-31 it can be seen that the apparent series
capacitance obtained using a moderate scan rate of 20 mV/s is

markedly frequency dependent.
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Figures 32 and 33 show the series capacitance-potential curves
determined at a moderate scan rate and at a much slower scan rate.
The slow scan rate was achieved by maintaining the electrode potential
constant for a fixed time period before making measurements. After
the measurements, the electrode potential was stepped 0.10 volts in-
creasingly in either a cathodic or anodic direction. The result dis-
played in Figure 32 for the slow scan rate was obtained by stepping
the potential to an increasingly cathodic potential every 10 minutes.
The results displayed in Figure 33 at the slow scan rate were obtained
by stepping the potential 0.10 volts every 15 minutes 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 consistantly lower

than those determined at the faster scan rate.

Tables 5 and 6 show the effect of frequency on the capacitance
determined, assuming a series capacitor or capacitor and resistance
in parallel, for the Teflon-encased platinum and platinum disk working
electordes, respectively. The measurements were made for each elec-
trode at +0.20 volts after the electrode had been maintained at that
potential for more than 20 minutes. This ensured that the measurements
reflected stable values that were independent of the time of measure-

ment.

Figures 34 and 35 show the impedance plane plots corresponding to

+he resutlts in Tables 5 and 6, respectively. The impedance plane plots
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Table 5

Dependence of capacitance in uF/cm2
determined for the Teflon-encased
polycrystalline platinum/aqueous 0.100M NaNO, interface
on frequency at a potential of +0.20 volfts. é%afic method.

Frequency/hz  Series Capacitance Parallel Capacitance

5 28.80 27.82
10 29.61 28.73
20 28.23 27.34
30 26.88 26.02
40 25.04 24.53
60 24.91 L 2412
80 24.20 23.35

120 . 21.49 20.72
140 23.25 22.10
170 22.75 21.99
190 22.73 21.15
220 23.40 22.08
260 23.06 22.15
300 22.75 21.65
350 23.56 22.35

400 22.67 21.76



Table 6

Dependence of capacitance in uF/cm2
determined for the polycrystalline
platinum disk/aqueous 0.100M NaNO, interface on frequency
at a potential of +0.20 volfs. Static method.

Frequency/hz Series Capacitance Parallel Capacitance

5 20.59 20.49
10 22.41 22.31
20 22.04 21.99
30 21.63 21.57

40 20.65 20.59
60 21.06 ) 20.99
80 20.82 20.72

120 . 20.11 20.02

140 20.10 19.94

170 19.85 19.71

190 19.52 19.40

220 19.59 19.37

260 19.25 18.95

300 18.06 17.70

350 17.13 16.63

400 14.12 13.88
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can be fitted by a straight line making an acute angle 6 with the real
axis. This line intercepts the real axis at a value that corresponds
to the true solution resistance between the working and reference
electrodes, since no iR-compensation was used in this series of
measurements. A linear least squares best fit of the data gave
values for 6 of 79.5° and 86.1°, and values for the solution resis-
tance of 15.5* 1.5 ohms and 44.5% 2.0 ohms for the data shown in
Figures 34 and 35, respectively. The values for the parallel capa-
citance in Tables 5 and 6 were determined taking into account a con-
stant series resistance taken to be equal to 15.5 ohms and 44.5 ohms,

respectively.

I+ can be clearly seen that the measured capacitance does show
frequency dependence in Tables 5 and 6. Ther€e are, however, some
regions where the paralliel and series capacitance is independent of

the measuring frequency.

From Table 5, the series capacitance and parallel capacitance
yielded averaged values of 28.9%0.7 uF/cm2 and 28.0+0.7 uF/cmZ,
respectively, for the three lowest frequencies. Over the higher
frequency range of 140 hz to 400 hz, the series capacitance and
parallel capacitance had averaged values of 23.0+0.35 uF/cm2 and

21.9+0.4 uF/cmz, respectively.

From Table 6, the series capacitance and parallel capacitance
was determined over the low frequency range of 5 hz to 80 hz as

21.3+0.7 uF/cm2 and 21.2+0.7 pF/cmZ, respectively.
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Figures 36-38 show the impedance plane plots for selected
electrode potentials. These impedance measurements were made
using a moderate scan rate of 20 mV/s. All the plots, typified
by Figure 38, can be fitted by a straight line making an acute
angle 6 with the real axis, having a real axis intercept corres-

ponding to the value of the solution esistance.

The results at a potential of +0.20 volts from the dynamic method
compare quite favourably with the static measurements made after hold-
ing the working electrode at +0.20 volts for more than 20 minutes.
Measurements using the Teflon-encased platinum electrode yielded
intercepts of 14.9+2.0 ohms and 15.2* 1.8 ohms, and angles of 78.0°
and 75.8° for the cathodic and anodic scans, respectively.. These
compare well with the static results made with the same electrode
of 15.5* 1.5 ohms and 79.5° for the intercept and angle, respective-
ly. Measurements made with the platinum disk electrode yielded inter-
cepts of 44.2+ 2.8 ohms and 39.8 £ 3.2 ohms, and angles of 84.3° and
79.3° for the cathodic and anodic scans, respectively. The correspond-
ing static results with the same electrode were 44.5+ 2.0 ohms and
86.1°. The angle the lines made with the real axis were a liftle
greater for the static measurements than the dynamic measurements,
reflecting a closer correspondence of the static measurements with
the ideal behaviour of a series resistor and capacitor analogue cir-

cuit.

The intercepts of the impedance plane plots were found to be
independent of the electrode potential and whether the measurements
were made dynamically or statically. The intercepts differed for fthe
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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strongly suggests that the intercepts determined by the above method
do indeed correspond to the frue solution resistance between the work-

ing and reference electrodes.

Figure 39 shows the capacitance determined as a function of
potential using the Single Current Pulse Method. Figure 40 contrasts
the capacitance determined using the Single Current Pulse Method with

that determined using the A.C. Impedance Method at a frequency of 10 hz.

Even though the results presented in Figure 40 were determined on
separate occasions, the difference between the capacitance-potential
curves determined via Single Current Pulse and A.C. Impedance Methods
cannot be accounted for by experimental variation. The basic shape of

the curves are distinctly different.

The results presented in Figures 39 and 40 were determined using
a potential stepping technique, whereby the electrode potential was
stepped 0.10 volt in an anodic direction after the electrode had been
held at a set potential for a period of 15 minutes. The results pre-

sented, therefore, correspond to a stabilized electrode system.

The parallel resistance calculated using the Single Current Pulse
Method was found to be low, and dependent upon the polarizing potential.
For the capacitance results presented in Figure 39, the parallel resis-
tance was found fo vary from a minimum of 73 ohms to a maximum of 480
ohms. The parallel resistance determined from the A.C. Impedance measure-
ments at 10 hz varied from a minimum of 1310 ohms Fo a maximum of 5140

ohms.
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CONCLUSION
The polycrystalline platinum/0.100M X/HZO system was studied,

and results were found to be similar whether the electrolyte, X,
was NaCl, NaNO3 or KNOB. The capacitance-potential curves for
this system showed a central capacitance hump with a maximum in
the vicinity of 0.0 volts, which is currently held to be due to
solvent reorientation at the electrode surface.15 This system

was also found to consistently show time dependency, requiring

a number of minutes before a stable interface could be obtained.

The complex plane spectra determined using the A.C. Impedance
Method were best fitted by a straight |ine making an acute angle
with the real axis of between 76° and 86°. The solution resist-
ance, obtained from the real axis intercept, was independent of
polarizing potential, and whether the results were obtained during
potential cycling of the electrode or not. The spectra were best
fitted by assuming the interface to behave as a pure capacitor in
series with the solution resistance. The deviation of the angle
from 90° is best thought of as being due to surface roughness of

the electrodes.

The results obtained via the Single Current Pulse Method
were consistent with the interface behaving as a capacitor in
parallel with a resistor. The value of the apparent parallel
resistance was found to be low, and potential dependent. There
was poor agreement found between the results of the Singie Current

Pulse Method and those of the A.C. Impedance Method.
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SYSTEM III: Pt + 0.001M NaNO3 + H20
The A.C. Impedance Method was used to determine the capacitance-
potential curves displayed in Figures 41-46 for the polycrystalline

platinum/aqueous 0.001M NaNOB interface. The data was measured at a

moderate potential scan rate of 20 mV/s.

The effect of using iR-compensation was tested at a frequency of
10 hz. The results are shown in Figures 41 and 42 for a cathodic and
anodic potential scan, respectively, assuming the interface to behave
as a resistor and capacitor in series. The results show that the de-
termined capacitance was identical within experimental uncertainties

whether 1R-compensation was used or not.

At the highest frequencies used, however, the use of iR-compensation
tended to increase the measured series capacitance. Since the use of iR-
compensation decreased the degree of frequency dependence of The series
capacitance, a constant level of iR-compensation was employed in fthe re-

sults presented in Figures 43-4b6,

The marked frequency dependence of the calculated series capaci-
tance is clearly shown inFigures 43-46. Over The low freguency range,
from 5 hz to 30 hz, the capacitance-potential curves show a minimum at
+0.20 volts for a cathodic scan, and a minimum at +0.05 volts for an
anodic scan using the Teflon-encased polycrystalline platinum working
electrode (see Figures 43 and 44, respectively). At higher frequencies,

the curves lessen in magnitude and become featureless.
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Similar behaviour was encountered using a polycrystalline platinum
disk electrode, with a capacitance minimum at +0.20 volts for a cathodic

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 distinct difference betfween the capacitance-potential curves obtained

in cathodic and anodic potential scans.

Figures 47 and 48 show the representative complex plane impedance
spectra corresponding to the capacitance-potential curves presented in
Figures 43 and 44, and Figures 45 and 46, respectively. Both spectfra
cannot be simply interpreted in terms of the simple analogue circuits
discussed previous!y. The representative spectra show obvious differ-
ences between the response of the Teflon-encased platinum, and platinum

disk electrodes.

An attempt was made to interpret the behaviour of the interface
in Terms of electrosorption of nitrate ion. The analogue circuit used
to account for this beha.\/iour]6 is shown in Figure 49a, and the expect-
ed complex plane impedance spectrum is shown in Figure 49b. The fre-
quency corresponding to the position of maximum negative imaginary im-

pedance on the hemi-circle, W is given by The relation

|+ can be seen that a value for w, and RA determined from the impedance

spectra will enable the determination of the double layer capacitance,

C.
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Analysis of the impedance spectra presented in Figures 47 and 48

on this basis yielded a value of 140 hz for w, for both systems. The

1

value of R however, was approximated to be 1020 @ and 30 & from Figures

Al
47 and 48, respectively. The resultant capacitance was 1.9 uF/cm2 and

50.5 pF/cm2 for the results presented in Figures 47 and 48, respective-

fy.

The very large difference in the capacitance determined for two
polycrystalline platinum electrodes suggests that the model presented
in Figure 49 does not correspond af all well o the observed behaviour
of the platinum/aqueous 0.001M NaNO3 interface. While a value of 50.5

uF/cm2 is not unreasonable, a value of 1.9 uF/cm2 would appear much

too low to be the true double layer capacitance.

CONCLUSION

Preliminary investigations of the polycrystalline platinum +
0.001M NaNO3 + HZO system have been presented using the A.C. Impedance
Method. The response of this system was complex, and could not be cor-
related with the simple analogue circuits previocusly discussed in Chapter
4 of this thesis. An attempt to interpret the complex behaviour of this
system in terms of nitrate ion electrosorption did not prove to be ade-

quate.

De Levie5 attempted to quantitatively describe the effects of
surface roughness on double layer capacitance measurements. In his
treatment he used a v-shaped groove model to approximate the roughness

of solid metal surfaces. From such a ftreatment, de Levie concluded
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that surface roughness effects would become more pronounced in more
dilute solutions. A comparison between the resulfs obtained for
0.001M NaNO3 and 0.100M NaNO3 would suggest that some of the complex
behaviour of the dilute electrolyte system was a problem related to
surface roughness. The difference in the impedance spectra for the
platinum disk and Teflon-encased platinum electrodes may be a reflec-
tion of the apparent differences in the roughness of the electrode
surfaces. From the results already presented in Systems | and Il of
this chapter, the platinum disk electrode consistently behaved as if
it had a lower surface roughness than the Teflon-encased platinum elec-
frode. This, again, is not inconsistent with the results presented
here, since the results obtained with the platinum disk show the less-

er deviation from what might be expected as roughness distortion of

the response of a capacitor in series with tThe solution resistance.
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SYSTEM IV: Ag + X + H20
Ag + 0.100M NaNO, + H,0

Figure 50 contrasts the capacitance-potential curve obtained via
the Single Current Pulse Method with those obtained via the A.C. Impedance
Method, assuming simple analogue circuits of a resistor and capacitor in
series or parallel. The A.C. Impedance measurements were made using a
frequency of 5 hz, and a potential scan rate of 10 mV/s. The Single Current
Pulse measurements were made by the standard potential stepping tfechnique,

holding the electrode potential constant for a period of 10 minutes before

stepping 0.10 volts fo a more anodic potential.

The results displayed in Figure b0 for the polycrystalline siiver/

aqueous 0.100M NaNO, interface clearly show poor agreement between the

3
capacitance determined using the Single Current Pulse Method and the
A.C. Impedance Method, assuming either a simple series or parallel

analogue circuit.

Ag +0.010M NaNO, + H,0

Figures 51 and 52 show the capacitance-potential curves of the
polycrystalline silver/aqueous 0.010M NaNO3 inferface obtained from
A.C. Impedance measurements 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 constant potential scan of 10 mV/s.

A number of features are evident in these curves. The general
trend of the capacitance-potential curve is a decrease in capacitance

from -1.20 -volts to -0.9 volts, followed by an increase in the capaci-
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tance from -0.9 volts to +0.10 volts. The determined capacitance
shows some frequency dependence at the limits of the pofential range
scanned. The other obvious features are a capaciftance minimum at -0.9
volts, and two capacitance humps at more anodic potentials. The capa-
citance hump with a maximum at -0.7 volts shows a marked frequency de-
pendence. This frequency dependence is more evident in the cathodic
scan shown in Figure 51. The other capacitance hump, having a maximum
at about -0.4 volts, shows no frequency dependence. The cathodic and
anodic series capacitance-potential curves are similar, but not super-

imposable.

Figures 53 and 54 show the complex plane impedance plots of the
cathodic and anodic scans, respsectively, for the polycrystalline
silver/aqueous 0.010M NaNOB interface at a number of selected elec-:
trode potentials. Although measurements were made only at frequencies
of 5, 10 and 20 hz, it is obvious that the complex plane impedance
plots are best fitted by a hemicircle offset along the real axis.

This corresponds to the analogue circuit of a series resistor combined
with a resistor and capacitor in parallel. A number of representative
arcs havs been drawn in the figures to indicate appropriate values of
the paraliel resistance. In Figure 53, the parallel resistance has
values of 3260, 2060, 4050, 4050 and more than 11,200 ohms at electrode
potentials of -1.20, -0.70, -0.40, -0.10 and -0.90 volts, respectively.
In Figure 54, the parallel resistance has values of 7400 and 4770 ohms
at potentials of -0.90 volts and -0.10 volfts, respectively. A best
estimate of the real axis intercept of the arcs is 170 ohms. This
corresponds to the value of the solution resistance between the work-

ing and reference electrodes, since no iR-compensation was used in

these experiments.
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Figures 55 and 56 show the paraliel capacitance-potential curves
calculated assuming a constant series resistance of 170 ohms. Measure-
ments were made at frequencies of 5, 10 and 20 hz using a constant
potential scan rate of 10 mV/s. The general frend in the capacitance-
potential curves is a decrease in capacitance from -1.20 volts to -0.90
volts, followed by an increase in the capacitance from -0.90 volfs to
40.10 volts. Both the cathodic and anodic curves show a capacitance
minimum at -0.90 volts, and a capacitance hump with a maximum at -0.40
volts. The frequency dependent capacitance hump with a maximum at
-0.70 volts apparent in the series capacitance-potential curves is
obviously an artefact of the wrong analogue circuit being selected.
There is no hint of such a peak in the parallel capacitance-potentizal

curves.

The curves displayed in Figures 55 and 56 also show very little
dependence on frequency. The cathodic curves shown in Figure 35 show
no evidence of frequency dependence, excepting at tThe anodic extreme
at +0.10 volts. The anodic capacitance-potential curves are identical
at frequencies of 10 hz and 20 hz to within experimental error. The
anodic curve at 5 hz is slightiy lower in magnitude than those at
10 hz and 20 hz for potentials more anodic than the potential of the

capacitance minimum.

The capacitance minimum at -0.90 volts for this system is in-
dependent of frequency and the scan rate direction. Convention would
suggest that this potential corresponds fto the true potential of zero
charge. However, the cyclic voltammogram depicted for this system in

Figure 57 clearly shows that this system is in a constant state of re-
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duction at potentials more cathodic than -0.60 volts. The high
reduction current at cathodic potentials is most probably due to
nitrate ion reduction. From this evidence, it must be doubtful
whether the potfential of the capacitance minimum at -0.90 volts

truly corresponds to the potential of zero charge.

Vitanov and Popov determined the potential of zero charge to

be at -0.90 volts for the single-crystal silver (100)/agueous 1-10mM
NaNO3 interface. However, they found a marked concentration dependence
of the potential of zero charge. This same dependence was also observed
by Sevastyanov, Shlepacov and Kozlov for the polycrystalline silver/
agueous NaNO3 interface. The concentration dependence of the capaci-
tance minimum observed by These authors is consistent with the consid-
erable adsorption or reduction of nitrate that is evidently occurring

in the vicinity of the capacitance minimum, as clearly shown in the

cyclic voltammogram in Figure 57.

Figure %8 portrays the dependence of the electrode charge on the
polarization potential for the polycrystalline silver/0.010M NaNOB/HZO
system. The shape of this curve is not affected by the author's as-
sumption that the capacitance minimum corresponds to the potfential of
zero charge, but the true position of the curve along the potential

axis must be regarded as somewhat uncertain.

Figure 9 compares the parallel capacitance-potential curves
determined for the cathodic and anodic scans at a frequency of 10
hz. There is an evident hysteresis in The curves between the extreme

anodic potential at +0.10 volts and the potential of the capacitance
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minimum at -0.90 voits. This is also evident from electrode charge-

potential curves displayed in Figure %8.

Hysteresis in capacitance-potential curves is a well-known
phenomenon in solid electrode studies. It has been found that the
choice of the potential range has an effect on the amount of hyster-
esis.17 In @ recent articlie by Hamelin]7 the phenomena of hysteresis
is linked by the author fo restructuring of the electrode surface atomic
structure. Surface reconstruction is known fo occur for gold and plati-
num.18 Hamelin,17 however, maintained that no reconstruction had been
observed for silver, as both the cathodic and anodic capacitance-potential
curves coincided, and there was no great frequency dispersion for all media
studied to that date (1982). The fact that no silver surface reconstruction
had been observed in ultra-high vacuum sTudie§]8 was also used as supportive

evidence of the unlikelihood of silver surface reconstruction.

The results presented here in Figure 59, however, clearly show
that hysteresis does occur for the polycrystalline Ag/0.010M NaNOB/HZO
system, and that this phenomenon is |ikely to be connected with the
reduction current found at potentials more cathodic than -0.6 volts,

as shown in the cyclic voltammogram of Figure 57.

Ag +0.010M NaF + H,0

Figures 60-63 show the series capacitance-potential curves for
the polycrystalline silver/agueous 0.01M NaF interface obtained from
A.C. Impedance measurements, assuming a simple analogue circuit of a

capacitor and resistor in series.



68. 00

o
(=]
&7 , + +
=4 + +
g .
A
o
i a
O]
w0 +
)
~ © + A
= o
< G e +
w
38 e
A
W oo o
=" A
« +
-
-0 [}
S +
@ <
[o U )
a
© c
9+ + A A
= + ©
~ A
A
=X}
o
+
sl ° °
[Lr]
[
i e o
(=]
o
N
o ©
o
(=]
o
o]
o } 1 ] 1 T 1
-1, 20 -1.CO -0. 80 -0. 60 -0. 40 =0. 20 0. 00
POTENTIARL (VOLTS)
Figure 60 Frequency dependence of series capacitance-potential curves

for the polycrystalline slilver/0.010M NaF interface: 5 hz
(+); 10 hz (A); 20 hz (O). Cathodic scan. 10 mV/s scan
rate.



00

B#.OO G8.

SP.UU

56. a0

1

(UF/CM2)
52.00

48. 00

CAPACITANCE
4#.00

3
-+

49.00
+

S

36. 00
8

.00

(A
oy

28. 00

b+

(o]

-1. 20

Figure 61

-1, 00 -0. 80 -0. 60 0. 40 -0. 20 0, 00
POTENTIAL (VOLTS)

Frequency dependence of series capacitance-potential
curves for the polycrystalline silver/0.010M NaF interface:
5 hz (+); 10 hz (A); 20 hz (O). Anodic scan. 10 mV/s

scan rate.



G8. 00

89.00

60. 00

56. 00

52.00

(UF/CM2)

43.00

44.00

L

CAPACITANCE

00

36. 00 40.
' b

3?.00

28. 00

-1.20

Figure 62

-1. 00 -0. 80 -0. 60 -0. 40 -0. 20 0. 00
POTENTIAL (VOLTS)

Scan rate dependence of series capacitance-potential curves
for the polycrystalline silver/0.010M NaF interface at 20
hz: 10 mV/s (O); 100 mV/s (A). Cathodic scan.



63.00

o
o
<.
w0
o
o
o
(%]
o
o
&
un
o
~ ©
= o
Um
~
(TR
EQ A
e a
oo
=
a A
—_
o0
o o
o A
a3 ° s
a
8] A ® a4
(=}
o
3.4
= a ® ©
= a o
= o A
o] G
[12]
[
o
= [
o
(=]
A A
o
o
o (.
o
2 J LI T o T T
-1.20 -1. 00 ~-0. 80 -0, 60 ~-0. 40 -0. 20 0. 00
POTENTIARL (VOLTS)
Figure 63 Scan rate dependence of series capacitance-potential curves

for the polycrystalline siiver/0.010M NaF interface at 20
hz: 10 mV/s (O); 100 mV/s (A). Anodic scan.



5.41
This system was found to show considerable dependence upon
frequency. This is evident in the cathodic and anodic capacitance-
potential curves presented in Figures 60 and 61, respectively, for
frequencies of 5, 10 and 20 hz. A moderate scan rate of 10 mV/s was

used in these measurements.

The general frend in the capacitance-potential curves is a
decreasing capacitance from -1.2 V fo -0.8 V, followed by an in-
creasing capacitance from -0.8 V to -0.4 V, and a decreasing capa-

citance from -0.4 V to +0.1 V.

Figures 62 and 63 show the cathodic and anodic capacitance-
potential curves, respectively, obtained at a frequency of 20 hz
using two different potential scan rates. I+ ‘can be seen that
changing the potential scan rate from 10 mV/s to 100 mV/s resulted
in generally higher capacitances, as well as a shape change in The

capacitance-potential curve.

Based on the above observation, one might be tempted fo presume
that this system will yield capacitances that show a time dependence
akin to that found for the polycrystalline platinum/aqueous electrolyfe
interface. Upon holding the electrode potential steady at -0.90 volfts,
however, the capacitance measured at 20 hz was found To be independent
of the time of measurement. |f the polycrystalline silver/aqueous
0.010M NaF interface did require an amount of ftime to stabilize, This
+ime must be limited to the few seconds required to make the first

measurement.
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Figure 64 shows the complex impedance plot obtained for this

system maintained at a constant potential of -0.90 volts. The plot

of the imaginary impedance against the real impedance can be fitted

by a straight line intercepting the real axis at a value of 237 %11
ohms. The acute angle made by the line with the real axis is 73.6°.
The intercept made with the real axis corresponds to 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 without affect-

ing its slope.

The data shown in Figure 64 can also be fitted by an arc of a
hemicircle. This would correspond to the analogue circuit of a series
resistor combined with a resistor and capacitor in parallel. This is

more clearly borne out in Figures 79 and 80.

Figures 65 and 66 show the complex plane impedance plots of fhe
cathodic and anodic scans, respectively, for the polycrystalline
silver/aqueous 0.010M NaF interface at a number of selected electrode
potentials. Although measurements were made only at frequencies of 5,
10 and 20 hz, it is obvious that The complex plane impedance plots are
best fitted by a hemicircle offset along the real axis. A number of
representative arcs have been drawn in the figures to indicate appro-
priate values of the parallel resistance. In Figure &5, the parallel
resistance has values of 8750, 5820, 5080, 5080 and more than 8800 ohms
at electrode potentials of -1.20, -0.70, -0.40, -0.10 and -0.90 vol*¥s,
respectively. In Figure 66, the parallel resistance has values of

8600, 8600, 5750 and 5750 ohms at potentials of -1.20, -0.90, -0.40
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and -0.10 volts, respectively. A best estimate of the real axis
intercept of the arcs is 415+ 35 ohms. Since no iR-compensation
was used in this series of measurements, the real axis intercept
corresponds to the solution resistance befween the working and

reference electrodes.

Fitting the impedance data at -0.90 voltfs with a straight iine
for the dynamic measurements yields slopes of 72.7° and 70.2°, and
real axis intercepts of 212+ 16 ohms and 160 % 35 ohms for the catho-
dic and anodic scans, respectively. The cathodic scan results compare
favourably with the static results of an angle of 73.6° and a real axis
intercept of 237+ 11 ohms. These real axis interecepts are much lower
than the potential independent 415 ohm intercept determined by fitting
the data to part of a hemicircie. Obviously, the measurement of the
complex plane impedance spectrum at a single potential could by itself
be misleading as to the appropriateness of a particular analogue cir-

cuit.

Figures 67 and 68 show the parallel capacitance-potential curves
calculated assuming a constant series resistance of 415 ohms. Measure-
ments were made at frequencies of 5, 10 and 20 hz using a constant
potential scan rate of 10 mV/s. The curves have the same general
features as the series capacitance-potential curves displayed in
Figures 60 and 61. The curves show the parallel capacitance to be
frequency dependent, though the curves determined at 5 hz and 10 hz
are reasonably similar. There is no clearly defined capacitance mini-
mum in the capacitance-potential curves. The capacitance minimum was
found at potentials of -0.80 volts to -0.90 volts, showing a dependence

upon both frequency and the potential scan direction.
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Figure 69 compares cyclic voltammograms obtained with fthe poly-
crystal line silver electrode in aqueous 0.010M NaF and aqueous 0.010M
NaNOB. It can be seen that the general current level is low in 0.010M

NaF, and that there is no apparent region of anionic reduction, as

there is in aqueous 0.010M NaNOB.

Valette and Hamelin19 studied the polycrystalline Ag/0.040M NaF/H20
system. Their capacitance-potential curves show some frequency depend-
ence, and have a capacitance minimum at -0.94 volts. These authors as-
sumed a simple analogue circuit of a capacitor and resistor in series,
which has been shown in these studies to not be the best analogue cir-
cuit. In this case, however, the use of series capacitance rather
than parallel capacitance is not likely to drastically alter the
results. This can be seen from the work presented here for the
polycrystalline Ag/0.010M NaF/HZO system by comparing the series
capacitance in Figures 60 and 81 with the parallel capacitance shown
in Figures 67 and 68. The general shape of the capacitance-potential
curves obtained by the author is similar to that of Valette and Hamelin,
with the capacitance minimum at -0.80 volts to -0.90 volts, which is

slightly anodic of the -0.94 volts claimed by Valette and Hamelin.
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CONCLUSION
The polycrystalline silver/0.100M NaNOB/HZO system was briefly
investigated using the Single Current Pulse Method and the A.C.
Impedance Method. It was found thaf there was poor agreement be-
tween the capacitance-potential curves determined using the Single
Current Pulse Method and the A.C. Impedance Method, assuming either

a simple series or parallel analogue circuift.

Typically, the silver/aqueous electrolyte interface is assumed fo
be equivalent to a capacitor and resistor in series. From the comp | ex
plane impedance spectra presented here, however, it was observed That
the polycrystalline silver/aqueous 0.010M NaNO3 and polycrystalline
silver/aqueous 0.010M NaF interfaces were best fitted by the analogue
circuit of a series resistor and a resistor and capacitor in parallel.
It was only by using such an analogue circuit that one could obtain a
value for the solution resistance that was independent of both the po-

tential and direction of potential scan.

The capacitance in aqueous 0.010M NaNO3 was found fTo show very
little frequency dependence, but clearly showed hysteresis over a
portion of the potential range scanned. For This system, a capaci-
tance minimum was found at -0.90 volts that was independent of fre-
quency and the scan direction. Conventionally, this would be forward-
ed as the potential of zero charge; however, cyclic voltammetric evi-
dence shows that the electrode appears fto be irreversibly reducing
nitrate ion at this potential. The current flowing at this potential
due to reaction surely will serve to confuse the true position of the

potential of zero charge on the electrode in the absence of reaction,
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and so the author does not put forward -0.90 volts as unambiguously

being the potential of zero charge.

No known hysteresis in capacitance-potential curves for silver/
aqueous electrolyte systems had been observed prior fo the observation
of such a phenomenon in this work on The polycrystalline silver/0.010M
NaNOB/HZO system. The observed hysteresis is likely to be related to
the transtition found in the nature of this sysftem as observed using

cyclic voltammetry.

Recently, the author found that Sevastyanov et aI20 had investi-
gated adsorption and electroreduction of nitrate and nifrifte ions on
polycrystalline silver. These authors found that appreciable reduction
of nitrate ions on silver began at considerabiy more positive potentials
than the reduction of nitrite ions which began at around -1.00 volts.
These electroreductionresults are consistent with the results of the
writer. Sevastyanov et al also concluded that because the measured
resistance component at a given frequency was not dependent on the
polarizing potential over a particular range in nitrite solution, then
the capacitance component of the measured impedance corresponded 1o
double layer capacitance for the polycrystalline 5i|ver-+NaN02<FH20
system. The measured parallel resistance for the polycrystalline
silver%—NaN03-+H20 system, however, was found by the writer to vary
significantly enough for the capacitance component not to be un-

equivocally equated with the double layer capacitance.

During the progress of the writer's work, Milkowska and Minc21

investigated the adsorption of nitrate ion at the polycrystalline
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silver/aqueous electrolyte solution interface. These authors measured
the differential capacitance of this interface for a number of differ-
ent concentrations of LiNOB. They used the method of Grahame and
Soderberg,22 modified by Damaskin et aI,23 to determine adsorption
parameters from the differential capacitance resulfs. No mention,
however, was made of the actual reduction of nitrate on silver in the
potential range of interest as found by the writer using NaNOB, and by
others using KNOB20 and AgN03.24 Milkowska and Minc claimed that ni-
trate adsorption was weaker at low positive charge on silver than on

mercury or gold, but stronger than in the case of mercury at high posi-

Tive charge.

In the light of these claims, the writer used cyclic voltammetry
to investigate the potential range used by Milkowska and Minc, and
found that the cyclic voltammogram showed that nitrate was reduced
from an aqueous solution of LiNO3 as it was for the sodium and potas-
sium nitrate salts. The writer would therefore regard the calculations
and conclusions presented by Milkowska and Minc to be of questionable

value.

The capacitance-potential curves obtained for the polycrystalline
silver/0.010M NaF/HZO system were found to be frequency dependent, and
gave a poorly defined cathodic capacitance minimum at a potential slight-
ly anodic of the minimum at -0.94 volts found for this system by Valette
and Hamelin.]9 The general shape and frequency dependence of the
capacitance-potential curves obtained by the author were similar to
those obtained by Valette and Hamelin. Cyclic voltammograms for This
system were basically featureless over the entire potential range

scanned, indicating no obvious adsorption or reduction of fluoride



5.48
on silver. A number of other studies have also been made using silver
single-crystal and polycrystalline electrodes in aqueous NaF or KF
25-28

solutions. The conclusion derived from those studies was that

specific adsorption of fluoride ion is weak or absent.

I+ is of interest to note here that, in the vicinity of the
potential of zero charge, fluoride and nitrate are only weakly
specifically adsorbed on mercury,29 fluoride is only weakly adsorb-
ed on silver, whereas nitrate is readily adsorbed and reduced on
silver. Cadmium is another metal that displays the same duality
as silver with regard to fluoride and niTraTe.BO Certainly, The
specific nature of the metal must be an important part of fufure

theories concerning the metal/electrolyte solution interface.

The polycrystaliine silver/dilute elecfroly+e/H20 systems yielded
capacitances that showed little time dependence, unlike The polycrys-
taline platinum/agueous electrolyte systems. Obviously, maintaining
the electrode potential constant within the region of hysteresis would
result in an averaged capacitance being measured once the system had
quickly equilibrated. At a potential outside this region, such as at
-0.90 volts, the capacitance determined was found to be independent of

time.
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CONCLUSION
The solid metal/aqueous electrolyte solution interface was
investigated using double layer capacitance measurements derived
from an A.C. Impedance Method and a Single Current Pulse Method.
Capacitance-potential curves were obtained in 1M and 1m HCI, 0.1M

NaCl, 0.1M KNOB, 0.1M NaNO, and 0.001M NaNO3 using polycrystalline

3

platinum, and in 0.1M NaNO 0.010M NaNO3 and 0.010M NaF using poly-

3!

crystaliine silver.

The Single Current Pulse measurements showed that the interfaces
studied were the equivalent of a capacitor and resistor in parallel.
The measured resistance was consistently found to be quite low. The
capacitance was found to show a consistent marked time dependence using
polycrystalline platinum which was not present when using polycrystal-

line silver.

In a study of this time dependency of the polycrystalline
platinum/HCl interface, the writer found that, although the capa-
citance showed a complex time dependency, the parallel resistance
was shown to be independent of time. In a recent article, McNicol
et aI31 looked at the influence of etectrolyte purity on electro-
chemical measurements using platinum electrodes. They concluded from
hydrogen adsorption studies in sulphuric acid that platinum electrodes
adsorbed impurities from the electrolyte solution, no matfer how pure
the solution was, if the electrode was maintained at a potential within
the double layer region for a period of minutes. The accumulation of
surface active impurities on the platinum electrode with time, however,
does not appear to be consistent with the time dependency found in

these capacitance measurements. |f surface accumulation of impurities
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were a dominating influence, then all capacitance measurements would
be expected to decrease with time. The parallel resistance component
would also be expected to decrease with time. Neither of these effects
was observed. The parallel resistance was found to be independent of
time, while The capacitance increased, decreased, or remained the same

with time, depending on the particular polarizing potential.

The writer found a time dependence in the capacitance measurements
for polycrystalline platinum in all the electrolytes studied, for both
the Single Current Pulse Method and the A.C. Impedance Method. This
time dependence is likely to be related to the influence of the parti-
cular metal on the electrolyte, rather than due fo the accumulation of

surface active impurities.

The use of complex plane impedance spectra was found to be in-
valuable in determining the appropriate double layer analogue circuits.
Neglecting the series solution resistance, the A.C. Impedance data were
consistent with the interface behaving as a resistor and capacitor in
parallel, or as a capacitor with distortion due to surface roughness
effects. Only the polycrystalline platinum/aqueous 0.001M NaNO3 inter-
face was found to behave in a complex manner that was not resolved in
the present research. It is believed by the writer that the complex
behaviour of this system is compounded by surface roughness effects,
which should be more pronounced in dilute electrolyte solutions, as

discussed by de Levie.5

Al |l capacitance data presented here, and also in Chapter 7, were

given in terms of the geometric surface area without correction using
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1,5,19,32
have

apparent roughness factors. A number of researchers
discussed the problems involved in using the concept of a roughness

factor for polycrystalline metal electrodes. An attempt to correlate
roughness factors determined from capacitance and hydrogen adsorption

measurements for polycrystalline platinum electrodes gave only poor o

moderate success.

The capacitance minimum at +0.80 volts for the polycrystalline
platinum/HC| system was determined by the writer fo be considerably
lower than the 19 uF/cm2 forwarded by Roberw‘son]3 for both the platinum
disc and platinum Cottrel!l Cell electredes. This would tend to suggest
that the surfaces prepared by Robertson all had a consistent roughness
factor greater than unity, since the platinum Cottrell Cell electrode

had its surface prepared by mechanical polishing.

The platinum disc elecTrpde consistently gave resultfs that were
consistent with it having a lower apparent roughness than the other
platinum electrodes. The disc electrode underwent a flame cleaning
process, whereas the other platinum electrodes were mechanically
polished and then etched. The results may indicate that the latter
process was not as efficient in decreasing surface roughness as The
flame cleaning technique. Another possible inferpretation, discussed
in Chapter 3, is that the flame cleaning procedure results in residual
carbonaceous material being left on the electrode surface, which ef-
fectively blocks portions of the electrode surface, and thus gives it
an apparently low surface roughness. The writer cannot definitely say
that the platinum disc electrode was perfectly clean of carbonaceous

material; however, the results obtained using the platinum disc elec~
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trode and the Teflon-encased platinum electrode were qualitatively
very similar in all but the dilute NaNOS solution. This would suggest
that the amount of carbonaceous material was not significant enough to

greatly influence double layer capacitance measurements.

Of most fundamental importance was the finding by the writer that
there was only poor to moderate agreement in the results determined by
the Single Current Pulse Method and the A.C. Impedance Method. The
measured capacitance was offen found to be higher using the A.C. Impedance
Method than for the Single Current Pulse Method. In the case where the
interface was best described by a capacitor and resistor in parallel,
the parallel resistance determined by the A.C. Impedance Method was
always significantly greater than that determined by the Single Current
Pulse Method. Both methods have been used to measure the differential
capacitance of solid metal/electrolyte solution interfaces. The A.C.
Impedance Method has been most commonly used, while the Single Current

Pulse Method has also been significantly used.2’14’33_38

I+ was shown in Chapter 4 that both methods were able to accurate-
ly measure analogue circuifs composed of resistors and capacifors. There
also appeared to be no inconsistencies in each method when used fo measure
properties of the solid metal/electrolyte solution interface. Then, why
do the results obtained by each method fail to yield the same capacitance
and resistance values? And, does the parallel resistance determined using
the Single Current Pulse Method actually correspond to the true parallel

resistance?
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The above two questions have been posed by the outcome of this

research, but satisfactory answers will come only with further research.
An area of interest may be a detailed study of how surface roughness af-
fects the parallel resistance determined by the Single Current Pulse
Method. De Vries5 and Lorenz39 both state that surface roughness should
affect the results obtained with pulse techniques. In posing the second
question above, the writer desires fto know whether the apparently low
parallel resistance values are real or an arfefact induced by surface

roughness.
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INTRODUCTION

The knowledge of the response of electrolyte activity to solvent
composition is important in electrochemical studies of electrolyte
solutions. A strictly thermodynamic study of adsorption from mixed
solvents at constant temperature and pressure, for example, requires

the electrolyte activity for such a study fo be kept constant while

the solvent composition is changed.]

Various auThors1_5 have used electromotive force (emf) measure-
ments from appropriate galvanic cells to study the response of electro-
lyte activity to changes in solvent composition. These authors used
+he method of Mohilner and Nakadomari1 to determine the electrolyte
concentration required’To maintain constant electrolyte activity in
various H20-+organic solvent mixtures. The method assumes that the
emf of the galvanic cell in the presence of an organic phase will be
the same as that in pure water when the electrolyte activities of the
two solutions are equal. ThevH20+NMF+NaNO3 system has been studied

by the author using this technique. This system was compared with

the H204-NMF-+NaCI system, which has been previously sTudied.5

The concentration of NaNO3 required to maintain the same electro-

lyte activity as 0.100M NaNO, in pure water was found to decrease with

3
increasing mole fraction of NMF, fo a value of 5><10_4M NaNO3 in pure

NMF .

The standard free energy of transfer of one mole of NaNO3 from
pure water To mixed HZO-FNMF solvents 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 kJmole_1 for solvents of

0.250, 0.500, 0.750 and 1.000 NMF mole fraction, respectively.

The concentration of NaCl required to mainftain the same electro-
lyte activity as 0.100M NaCl in pure water was found to decrease fo
6.3><10_3M NaCl in pure NMF. This is in good agreement with the re-

sults of Kozminska, Borkowska and Behr.5

The author also records the development of a novel nitrate ion
selective electrode, and ifts response in H20-+NMF-+NaN03 solutions.
The novel nitrate ion selective electrode presented here uses a solid
state electrode activated by nitron nitrate in a similar manner fo the
Selectrode developed by Ruzicka, Lamm and TJ'eII.6 It differs from the
7,8

conventional liquid ion exchanger based nitrate ion selective electrode

in that it possesses no liquid ion exchanger membrane.
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DETERMINATION OF ELECTROLYTE CONCENTRATION REQUIRED TO MAINTAIN
CONSTANT ELECTROLYTE ACTIVITY IN H20-+ORGANIC SOLVENT MIXTURES

Mohi I ner and Nakadomari1 devised a method to determine electrolyte
concentration required to maintain constant electrolyte activity in a
series of H20-+organic solvent mixtures. They determined the effect
of organic compound on the electrolyte activity from emf measurements
of a reversible galvanic celt without liquid junctions in the presence
and absence of the organic compound. The requirement for such a cell
was that one of the electrodes was reversible to the cation, while The
other was reversible to the anion of the electrolyte. They reasoned
that, if the emf of such a cell in the presence of the organic compound
was the same as the emf of the cell with a certain concentration of the
electrolyte with no organic compound, then it would follow that the elec-

trolyte activities in the two solutions would be equal.

The method firstly selects the desired activity to be equal to
that of a particular electrolyte concentration in pure water. Then,
for a series of solvent mixtures, emf's were measured for a range of
electrolyte concentrations such that the emf's of the cell were close
to and bracketed the emf of the cell in the absence of organic compound.
For each solvent composition, the measured cell emf's were plotted
against the electrolyte concentration, and the resulting curve intfer-
polated to the emf of the cell without any organic compound. The cor-
responding interpolated electroiyte concentration is the concentration
required for a particular solvent to maintain the electrolyte activity

constant at the chosen value.
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This method was employed by the author in determining the concen-
tration of electrolyte in H20~+NMF solvent mixtures necessary to main-

tain the same activity as 0.100M electrolyte in pure water.
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DETERMINATION OF THE FREE ENERGY OF TRANSFER OF ONE MOLE OF SUBSTANCE
FROM WATER TO MIXED H20-+DRGANIC SOLVENTS

Conventionally, the activity coefficient S is set at 1.000 at
infinite electrolyte dilution in a particular solvent. This activity
coefficient essentially characterises the interionic and ion-molecule
forces in that solvent, and other effects dependent on the concentra-
+ion of solute in that solvent. This may be termed the concentration
effect or salt effect, and is usually estimated from the Debye-Huckel
equaﬂon.9 The salt effect characterises the departure from ideal
behaviour brought about largely by fThe electrostatic interactions

among the ions.

The activity coefficient of species i, Yi’ in different solvents
referred to the standard state in water, will approach a value dif-
ferent from unity in solvents other than water as the concentration
of solute is decreased. The limit is a measure of the medium effect

9

mYi The activity coefficient of species i is given by the product

Y T (SYi) X (mYI)
The medium effect is a measure of the free energy change on
transfer of one mole of species i from the standard state in water

to the standard state in a different solvent, s.

The standard free energy of transfer of one mole of species i,

AGTO, was calculated using the following equations

.0 0
AG,~ = G, (s) = G (H)0)
= RTIn( v,)

= 2RTln(mY+) for 1:1 electrolyte

= -Fae® = -F(E2(H,0) %))
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The electrostatic part of the free energy of transfer can be
estimated from the Born equaﬂon10 if the ions are freated as spheres
of finite radius immersed in a continuum of uniform electrolyte of
uniform dielectric constant. The Born treatment makes no allowance
for specific chemical interactions between the ions and the solvent,
which do, however, make an important contribution to the nonelectro-
static part of the free energy change. As such, there is offen poor
agreement between the predictions of the Born equation and the ex-
perimentally determined activity coefficients. This poor agreement
is discussed for hydrochloric acid in mixtures of water and low di-
electric solvents such as methanol, ethanol and dioxan.9 A general
prediction of The Born equation is that the medium effect activity

coefficient will increase with decreasing solvent dielectric constant.

Even though the Born equation is inadequate to explain the medium
effect, it is still used as a reference point, simply because there
has not yet been developed a more comprehensive Theoretical treatment

to explain the medium effect.
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INVESTIGATION OF THE H20+-NMF*-NaC1 SYSTEM AT 25°C
EXPERIMENTAL
Reagents
Analytical grade B.D.H. NaCl, milli-Q water and distilled purum

Fluka NMF were used, as previously described.

Scodium Ion Glass Electrode
A commercially available Radiometer G502Na Sodium Selectrode was
employed in measurements, and was conditioned by storage in 0.1M NaCl

in pure water.

Ruzicka Chloride Selectrode

The Ruzicka solid state Selectrode is an ion-selective basic
electrode essentially consisting of a Teflon-hydrophobised graph-
ite rod. The Selectrode can be made selective to a particular ionic
species by applying a superficial layer of an electroactive compound
sensitive to the particular ion. The selectrode surface can be re-

newed by simply trimming off the activated secTion.6

A Ruzicka solid state Chloride Selectrode was prepared and used
by the author by activating an F3012 Selectrode with 542315 Chloride

Selectrode Powder.

Emf Measurements

The emf was measured for the following cell

Chloride SelecTrode/XNMF4-(1—X)H20-+YNaCI/Na+ glass electrode
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where ¥ is the mole fraction of NMF and Y is the molar concentration

of sodium chloride.

All emf measurements were made at 25°C in stirred solutions using

an Orion 701A digital lonalyzer.

The emf measurements were carried out on individually prepared
solutions into which the electrodes were dipped. Cell response tTimes
were around 5 minutes and 10 minutes in pure water and pure NMF solu-

tions, respectively; before emf values were <*1 mV from the final value.

RESULTS AND DISCUSSION
Figure 1 records the resulfs of the emf of the cell measured as a
function of concentration of NaCl in pure water and pure NMF at 25°C.
Applying the method of Mohilner and Nakadomari,1 it is evident that a
3

concentration of 6.3x 10 "M NaCl in pure NMF has the same electrolyte

activity as 0.100M NaCl in pure water.

The HZO-FNMF-FNaCI system was studied by Kozminska, Borkowska and
Behr,5 who reported that the concentration of NaCl required to maintain
the same electrolyte activity decreased with increasing NMF mole frac-

tion, from 0.100M in pure water to 7><10-3M in pure NMF. The results

presented here are in good agreement with those of Kozminska et al.

The emf of the cell is related to the activity of ionic species,

in accordance with the Nernst equation



200. 00

160. 00
]

e

120. 00
SR

o,

D 1

&

g

o |

o | /

ol

'0. 80 1. 20 1. 60 2. 00 2. 40 2. 60 3.20

~L0G40C (NaCL)

Figure 1. Dependence of EMF on Log (CNaCI) in pure water (Q) and
pure NMF (A).



6.9

Ecel =E’+—2—%@ log (a ,*a _)
Na Cl
4.606RT
= E-+-——7;——-Iog a,
_ o, 4.606RT
= E + ———F———-(Iog ci-flog Yi)

where Y, is the activity coefficient of the electrolyte. Using The
activity coefficient data previously Tabled,H the theoretical Nernstian
response for the cell is plofted as a dashed line in Figure 1. It is
evident that the cell response is quite close to the expected Nernstian

behaviour, giving confidence in the use of fhe Na+ glass electrode.
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INVESTIGATION OF THE H20+NMF+NaNO3 SYSTEM AT 25°C
EXPERIMENTAL
Reagents
Previously described Analytical grade B.D.H. NaNOB, milli-Q water

and distilled purum Fluka NMF were used.

Nitron nitrate was prepared by a method similar to that used by
Lal, Chattopadhyaya and Dey,12 and Cope and Barab.]3 Reagent grade
B.D.H. nitron was dissolved in dilute acetic acid, and nitron nitrate
precipitated on the addition of Analytical grade B.D.H. sodium nitrate.
The filtered dry precipitate was white, and went faintly fawn during
storage. The infra red spectrum of the precipitate showed a charac-
1

teristic absorption due to nitrate at 1350 cm . The precipitate was

white, and not black, as claimed by Lal et al.

Sodium Ion Glass Electrode
A commercially available Radiometer G502Na Sodium Selectrode was
employed in measurements, and was condifioned by storage in 0.1M NaNO3

in pure water.

Nitrate Ion Selective Electrode

The electrode used consisted of a 75%/25% w/w Teflon-graphite rod
of 0.95 cm diameter that was trimmed and encased in a teflon jacket.
The teflon-graphite rod, available from John Crane Mauri Pty. Ltd.,
had been successfully used to fabricate an electrode of the Ruzicka
Selectrode type by Mellor, Haskard and Mulcahy.]4 Electrical contact
with the teflon-graphite was made via a brass connecting rod screwed

into the teflon-graphite rod.
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The exposed teflon-graphite surface was made active to nitrate
ion by grinding dry nitron nitrate intfo it using a glass rod. Any

loose nitron nitrate was rinsed off in water.

Emf Measurements

The emf was measured for the following cell

NOS- selective elec+rode/XNMF+(1—X)H20+YNaN03/Na+ glass electrode

where X is the mole fraction of NMF and Y is the molar concentration

of sodium nitrate.

All emf measurements were made at 25°C in stirred solutions using

an Orion 701A digital lonalyzer.

The electrolyte concentration was varied by successive additions
of known volumes of the electrolyte dissolved in the solvent of inter-

est.

Stable emf values were obtained after 1 to 20 minutes, depending
upon the concentration of sodium nitrate and the NMF mole fraction.
The system was progressively more stable with increasing NMF mole
fraction. All emf values were normalised to tThe emf of 10_3M NaNO3
in pure NMF. This normalisation was achieved by measuring the emf
difference between 10_3M NaNO3 in pure NMF and 10—3M NaNO3 in each
H_O+ NMF solvent mixture. These emf differences were then used to

2

adjust the position of the emf-log CNaNO curves relative to the emf-
3
IogCNaNO curve obtained in pure NMF.

3



RESUWTS AND DISCUSSION
Figure 2 records the results of the emf of the cell measured as a
function of concentration of NaNO3 for NMF mole fractions of 0.000, 0.250,

0.500, 0.750 and 1.000 at 25°C.

Other researchers have noted that the higher the solvent mole
fraction of organic compound, the higher the ionic activity for a
given electrolyte concentration in the soluﬁon.1—5 This effect for
tThe H20+NMF+NaNO3

lyte concentration required to maintain the same activity as 0.100M

system is evident in Table 1, where the electro-

NaNO3 in pure water is given as a function of mole fraction of NMF.
To maintain the same electrolyte activity, the electrolyte concentra-
+ion must be reduced with increasing NMF concentration; from O.100M
NaNO3 in pure water to 5.2><10—4M NaNO3 in pure NMF. The largest
change in the electrolyte activity is evident at low NMF mole frac-

tions.

The emf of the cell is related to the activity of the ionic

species in accordance with the Nernst equation

. _ g4 2:303RT

= log (a ca )
cell F Na+ NO
3
o, 4.606RT
=B+ F—p = log a,

The theoretical Nernstian slope should be 118 mv/decade activity
at 25°C when emf is plotted against log a,. From Figure 30t is evi-
dent that the response of the cell is less than the theoretical slope.

The activity of NaNO3 was calculated as the product of the known



EMF/mV

-80. 00

-120. 00

~-160. 00
S -

-200. 00

e

o
e
o
< |
N
'
|
cI
e
o)
o |
‘}Ji— T T T T T 1
C. 80 1.60 2. 40 3. 20 4,00 4, 80 5. 60
—LGG10C(NaNﬂ3)
Figure 2. Dependence of EMF on Log (CNaNO ) for various NMF mole

3

fractions: 0.000 (O); 0.250 (A); 0.500 (4); 0.750 (x);

1.000 (O).



Table 1

Concentrations of NaNO, required
to maintain the same electrolyte activity as 0.100M NaNO3
in pure water at 25°C

XNMF 1091 6Cnano . Cnano,”"
3 3

0.000 -1.000 1.00x 107!

0.250 -2.221 6.01x 107"

0.500 -2.713 1.94%x 107>

0.750 -3.106 7.83x 1077

4

1.000 -3.287 5.16 x 10
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electrolyte concentration and the appropriate activity coefficient
determined at the solution freezing point by Scatchard, Prentiss and
Jones.15 The freezing point activity coefficient data was used be-
cause no appropriate low concentration data at 25°C has yet been

determined for NaNO,, and because the activity coefficient determined

3,
by Scatchard et all5 for 0.1M NaNO3 is almost identical fto that de-
11

termined for the same concentration at 25°C.

For the cell

NOB_ selective elecTrode/XNMF-i—(1—X)H20+YNaN03/Na+ glass electrode

we can define

where Ew and ES are the measured cell emf's at a concentration Y of

sodium nitrate in pure water and mixed H20<+NMF solvent, respectively.

The free energy of transfer of 1 mole of sodium nitrate from

water o the mixed solvent, AGT’ can be calculated using the equation

AGT = -FAE

Values of AE and AGT are recorded in Table 2 as a function of

sodium nitrate concentration and solvent mole fraction of NMF.

Extrapolating values of AGT to infinite dilution as a function of
/< yields standard free energies of fransfer of 7.3+0.1, 10.4+0.2,
12.3+0.1 and 13.8%0.2 kJmoIe_] for solvent mole fractions of NMF of

0.250, 0.500, 0.750and 1.000, respectively.



Table 2a

Dependence of AE in mV on vC for NaNO

in mixed H20-FNMF solvents

3

XNMF 0.250 0.500 0.750 1.000
vC
.0200 -76 -107 =127 -1453
.0316 -80 -113 -132 -148
.0501 =81 -115 -134 -150
. 1000 -86 -119 -137 -155
. 1259 -87 -119 -138 -156
Table 2b

Dependence of AG, in kdmol ™! on V€ for NaNO

in mixed H,0+NMF solvents 3

XNMF 0.250 0.500 0.750 1.000
vC

.0200 7.3 10.53 12.3 13.8

.03106 7.7 10.9 12.7 14.3

L0501 7.8 11.0 12.9 14.5

. 1000 8.3 11.5 13.2 15.0

. 1259 8.4 11.5 13.3 15.1
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There is quite a large dependence of AGJr on Yc; however, this
dependence is consistent with the data of Kozminska et al5 for the
HZO-FNMF<+NaCI system. Reworking of their data using tTheauthor's method
for 0.002M< concentration of NaCl <0.05M in pure NMF yielded a standard

free energy of transfer of one mole of NaCl of 10.820.14 kJmoIe_], and

M-

a slope of 7 kJmole_] molarity These values are lower, but of com-

parable magnitude to the standard free energy of transfer of one mole
of NaNO3 from water to pure NMF of 13.8%0.2 KJmole—1, and the depend-
ence of AG, on /S of 11 kimole™ molarity”

=

The Born equaTion]O predicts that for the HZO-FNMF system the
medium effect activity coefficient should decrease with increasing
NMF concentration as the solvent dielectric constant increases. 6,17

Since
AG = ZRTln(th)

it can be seen from the large positive values of AGTO presented here
+hat the converse is true, that the medium effect activity coefficient
increases with increasing solvent mole fraction of NMF. The treatment
by Born takes no account of specific chemical interactions between The
ions and the solvent, which obviously make a very important contribu-
tion to the nonelectrostatic part of the free energy change for the

H20+NMF+NaNO3 and HZO-FNMF-+NaCl systems.
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RESPONSE OF THE NITRATE ION SELECTIVE ELECTRODE TO NaNO3 IN PURE WATER
AT 25°C

INTRODUCTION

The main interest to the author in the development and use of the
previously described nifrate ion selective electrode was in the deter-
mination of NaNO3 activity in mixed H20-+NMF solvents. The ion selec-

tive electrode, however, can also be used as an analytical tool.

Preliminary invesftigations are presenfed by the author for The
use of the nifrate ion selective electrode as an analytical sensor for

nitrate ions in agueous solutions.

EXPERIMENTAL
Reagents
Analytical grade B.D.H. sodium nitrate and milli-Q quatity water

were used to prepare solutions, as previously described.

Electrodes
A commercially available saturatedcalomel electrode (S.C.E.) with
a low leakage glass frit was used as the fixed potential reference

electrode.

The nitrate ion selective electrode has been described previously.



Emf Measurements

The emf was measured for the foliowing cell
S.C.E. /H 0+ YNaNOB/NOB" selective electrode
where Y is the molar concentration of sodium nitrate.
All emf measurements were made at 25°C in stirred solutions using

an Orion 701A digital lonalyzer. A standard addition method was em-

ployed to change the electrolyte concentration.

The emf of the above cell is related to the activity of nitrate,

in accordance with the Nernst equation

2.303RT

E=FE- ECal + ELJ . ———F———-Iog a _
NO
3
o 2.303RT
= B - ———F———'Iog a B
NO3
where E and E are the potential drops associated with the calomel

Cal LJ

reference electrode and liquid junction, respectively.

RESULTS AND DISCUSSION

The nitrate ion selective electrode without a liquid junction,
coupled with a sodium glass selectrode, has proved useful in determin-
ing the activity of NaNO3 in H2O-+NMF solvent mixtures. The nifrate

ion selective electrode also has an analytical application as a means

of determining nitrate ion content of solutions.
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The emf response of the nitrate ion selective electrode with
respect to a fixed potential reference electrode is recorded as a
functicn of concentration of NaNO3 in pure water at 25°C in Figures
4 and 5. The response of the cell on these two separate occasions
yielded slopes of 38.0+2.1 mV/decade NaNO3 concentration, and
25.4+ 0.6 mV/decade NaNO- concentration.

The nitrate ion selective electrode was responsive 1o nitfrate
ion, but not to the expected theoretical Nernstian response of 59 mv/
decade activity at 25°C. The responses of the two experiments re-
corded in Figures 4 and 5 are significantiy different. The response,
however, for each experiment was internally reproducible. This can be
seen in Figure 4, where the curve of emf versus log CNBN03 derived upon

steadily increasing the electrolyte concentration was retraced upon

dilution.
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CONCLUSION
The practice of using constant electrolyte concentration instead
of constant electrolyte activity in adsorption studies would lead to

serious errors for the H20-FNMF-+NaNO and H20<+NMF-+NaCI systems.

3
For these systems, 5.2><]O_4M NaNO, and 6.3><]O_3M NaCl have the same

3
electrolyte activity in pure NMF as 0.100M NaNO3 and 0.100M NaCl,
respectively, in pure water. The increase in the electrolyte activ-
ity with increasing NMF mole fraction corresponds to an increase in
the solvent dielectric constant. This effect cannot be explained by

any current theoretical treatment, such as that by Born,10 and reflects

the importance of the nonelectrostatic ion-solvent interactions.

The development of a nove!l nitrate ion selective electrode without
liquid junctions was necessary before the activity of NaNO3 could be
determined from emf measurements using the method of Mohilner and Naka-
domari.] No other nitrate ion selective electrode without liquid junc-
tions has been successfully developed. The delay in developing a suc-
cessful nitrate ion selective electrode without liquid junctions is,
in part, related to the high solubility of most nitrate salts. Nifron
nitrate, on the other hand, has a moderately low solubility of 1 part
in 60,000 in waTer,18 making it suitable for use as an activating agent

in conjunction with a simple Ruzicka type solid state electrode.

The emf response of the electrode to nitrate ion was found fo be
below the expected Nerstian response. This was also found to be the
case by Lal et al,]2 who incorporated nitron nitrate into a membrane

for a nitrate ion selective electrode.
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The preliminary analytical investigations show that the response
of the nitrate ion selective electrode presented here is sensitive to
the preparation and ageing of The electrode. This sensitivity, and
the sub-Nerstian electrode response may be indicative of some solubil-
itiy problems associated with the use of nitro nitrate. Further in-
vestigations, beyond the present scope of this work, need fo be carried
out to see whether the electrode response can be improved. The incor-
poration of the nitron nitrate into the electrode Teflon-graphite matrix,
the stabilizing of the nifron nitrate by an inorganic compound, or fhe
use of nitron nitrate in a different crystalline form may be means where-

by this could be achieved.

Many ion selective electrodes were developed for use in aqueous
solutions, and are of dubious usability in the presence of organic
compounds. Other electrodes, such as the Ruzicka Chloride Selectrode
used here, show a lower stability in organic solvents compared with
+hat in aqueous solutions. The nitrate ion selective electrode
developed by the author is unusual in this regard, in that it be-
haves better in pure NMF and mixed H2O<+NMF solvents than in pure

water.
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INTRODUCTION

Double layer capacitance studies have previously been carried
out using mercury electrodes for a number of electrolytes dissolved

g The general shape of The capacitance-

in n-methlyformamide (NMF). |~
potential curves obtained was similar to the shape of those obtained
in water, with a central capacitance hump that is general ly accepted

as being caused by solvent rearrangement at the electrode surface.4’7’9

The double layer capacitance in NMF was generally found fo
be smaller than in water, even though the bulk dielectric constant
of NMF is greater than that of water. The smaller values of fhe
double layer capacitance in NMF were suggested as indicating that
the effective dielectric constant of NMF is much smaller in the

vicinity of the electrode surface than in the bulk of The squTion.1'2

A number of NMF adsorption studies have been made from mixed
HZO-FNMF solutions from double layer capacitance studies at mer-
cury eIecTrodes.3’6 The work of Payne6 considered mixed solvents
containing low concentrations of NMF, whereas Kozminska, Borkowska

and Behr3 investigated the adsorption of NMF over the entire sol-

vent range.

The work of Kozminska, Borkowska and Behr3 |looked at how the
use of constant electrolyte concentration, instead of constant elec-
trolyte chemical potential, would affect the adsorption studies.
These authors found that the chemical potential of NaCl increased
markedly with increasing NMF mole fraction. To maintain the same

electrolyte chemical potential in H204»NMF solutions, the concen-
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+ration of NaCl had to be decreased with increasing NMF mole
fraction. In Chapter 6 of this thesis, the writer found a
similar observation using NaNO3 as the electrolyte instead
of NaCl, but to an even more marked degree. The writer found
that the concentration of NaN03 had to be as low as 5.2><1O-4M
in pure NMF to maintain the same electrolyte chemical potential
as 0.100M NaN03 in pure water.

The writer determined the capacitance-potential curves for
the polycrystalline pIaTinum/NaNOB/NMF system, and the polycrystal-
line silver/NaNOB/NMF system. To the writer's knowledge, no other
double layer capacitance measurements in NMF have been made using
solid electrodes. The capacitance results have been discussed in
terms of the usability of such data to investigate NMF adsorption

from mixed HZO-FNMF solutions.
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EXPERIMENTAL
The electrodes, chemicals, cells, instruments and procedures
have been discussed elsewhere in this thesis, and need not be

discussed here.

The only deviation from previous procedures involved the
electroreduction of the silver electrode in aqueous 0.1M NaNO3
for a period of hours before the electrode was rinsed in NMF
solution, and then placed into The 5><1O—4M NaN034-NMF solution.
The silver electrode was polarized in the aqueous solution because
of the uncertainty as to the eguivalent polarizing potential in

+he NMF solution.

All potentials quoted in this chapter, unless otherwise
stated, are with respect fo a low |eakage, saturated calomel
reference electrode placed in a luggin capillary containing the

solution under study.



RESULTS AND DISCUSSION
System I. Pt/NaN03/NMF

Figure 1 shows cyclic voltammograms obtained for polycrystal-
line platinum in pure NMF with 0.100M NaNO5 and 5><10-4M NaNOB.
The cyclic voltammograms were similar, with the cathodic reduction
current peak occurring at about 0.2 volts more cathodic in The
case of the dilute electrolyte. The reduction peak was found fo
be insensitive to the presence of deliberately added amounts of
water. Over the scanned potential range of +0.80 voits to -0.80
volts the cyclic voltammograms were generally featureless, with
increasing reduction current at potentials more cathodic than

-0.4 volts.

From the representative compiex plane impedance diagram In
Figure 2, it can be seen that the polycrystailine pIaTinum/NaNO3
+ NMF interface is best described by a resistor and capacitor in
parallel. It can also be seen that the representative arcs drawn
through the data points intersect the real axis at the origin.
This shows that the iR-compensation used in these experiments was
100% efficient in removing the effect of the solution resistance,
and that the parallel capacitance could be determined directly

from the A.C. Impedance data.

Figures 3 and 4 show The cathodic and anodic parqllel
capacitance-potential curves determined for the polycrystalline
platinum/0.100M NaNOB/NMF system. The curves show little fre-
quency dependence over the range of 10 hz to 200 hz. The curves

show few features other than an increase in the capacitance from
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Figure 1. Cyclic voltammograms of polycrystalline platinum in Nar~103+NMF solutions.
A, 5x107M NaNO5; X =0.05; 20 mV/s scan rate.
B. 5x 10_4M NaNOB; X=0.5; 20 m‘V/s scan rate.
C. O.1O'OMrNaN03; X=0.5; 20 mV/s scan rate.
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a low value of 103 uF/cm2 at +0.80 volts to a value of 20 uF/cm2

at -0.80 volTs.

Figures 5 and 6 show the parallel capacitance-potential
curves defermined for the polycrystalline plafinum/5><10_4M
NaNOB/NMF system. The general shape of these curves are simi-

lar to those in 0.100M NaNO,, but at a frequency of 10 hz vary

3!
from about 10 uF/cm2 at +0.80 volts up to a value of 143 uF/cm2
at -0.80 volts. From Figures 5 and 6 it can be seen that the
capacitance-potential curves show great frequency dependence,

and possess no unambiguous capacitance minimum at a potential

that could be equated with the potential of zero charge.

The general increase in the capacitance with increasing
cathodic polarization can simply be correlated with the increas-
ing reduction current observed in the cyclic voltammogram shown

in Figure 1.

System II. Ag/NaNO3/NMF
From the representative complex plane impedance diagram
shown in Figure 7 it can be seen that the polycrystalline sil-

ver/5><10_4M NaNO. + NMF interface is best described by fthe ana-

3
logue circuit of a capacitor and resistor in parallel, combined

with a series solution resistance of 960 ohms.

The parallel capacitance, calculated assuming a constant

series resistance of 960 ohms, is displayed in Figures 8 and 9
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as a function of electrode potential. The curves show some fre-
gquency dependence, but the capacitance determined at the lowest
frequencies of 5 hz and 10 hz are quite similar. The curves dis-
play the general features of a central capacitance maximum at
about -0.7 volts, with capacitance minimum and maximums on either

side.

Figure 10 shows a series of cyclic volfammograms for The
above system cycled over different potential ranges. At poten-
tials more cathodic than +0.20 volts, to avoid oxidation of the
silver electrode, up to -0.20 volts is a featureless region of
low current. At potentials more cathodic than about -0.30 volTs,

a constant degree of irreversible reduction occurs up to about
-1.50 volts, where a second level of irreversible reduction occurs.
The second reduction region is likely to be the onset of solvent
reduction, whereas the earlier reduction current is likely fo be

associated with the electrolyte, NaNOB.

STANDARDISATION OF POTENTIAL SCALES

As was previously mentioned, the potential scales used in
Figures 1-10 are with respect to a saturated calomel reference
electrode in a luggin capillary filled with The solution under
study. For a strictly thermodynamic study of adsorption from
mixed solvent solutions, the reference electrode needs to be

. . . . . 3
reversible to the cation or anion in tThe mixed solvent.
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The novel nitrate ion selective electrode, discussed by the
author in Chapter 6 of thesis, was tested as a suifabie reference
electrode in NMF+NaNO3 and H20+NaNO3 solutions. As was discuss-
ed in Chapter 6, the nitrate ion selective electrode responded fo
the nitrate ion present in both the pure NMF and pure HQO solvents.
I+ was found that the electrode potential drifted, and reguired

some 30 or so minutes to stabilize.

The capacitance-potential curves determined using the nifrate
ion selective electrode as the reference electrode could be frans-
posed on To those obtained using the calomel reference electrode
by moving the curves along the potential axis. The author pre-
ferred to measure the capacitance-potential curves with respect
to the calomel reference electrode because of 'its superior poten-
tial stability. The amount, however, that the potential scale
needed to be altered by to give a correspondence with the nifrate
electrode scale was found to be a simple matter that couid be de-
termined from cyclic voltammograms after fhe capacitance-potential
curves had been obtained. Characteristic features in the cyclic
voltammograms were used to calibrate the potential difference be-

tween the reference electrodes.

The nitrate ion selective electrode was found to have a
potential 0.20 volts more negative than the saturated calomel

electrode in a solution containing 5><1O_4M NaN03-+NMF.
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The nitrate ion selecTive electrode was found to have a
potential 0.35 volts more negative than the saturated calomel

electrode in a solution containing 0.100M NaNO5 in pure water.
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CONCLUSION

The defermination of the relative surface excess of an organic
compound on a metal electrode from an aqueous solution containing a
single electrolyte is based on the electrocapillary equaJrion.B’]O_13
For a thermodynamically rigorous freatment of data at constant Temper-
ature and pressure, the electrocapillary equation needs to be differen-
tiated with respect to solvent composition at constant activity of the

electrolyfe and constant electrode poTenTial.11’]2

From the writer's previous discussion in Chapter 6, it can be
seen that it is possible to obtain data af constant electrolyte ac-
tivity and constant electrode potential for the H20+NMF+NaNO3 system.
The electrode potential for adsorption studies must be measured versus
an electrode immersed in the same solution which is reversible either
to the cation or the anion of the electrolyte. From earlier discussion,
it was concluded by the writer that the novel nitrate ion selective
electrode discussed in Chapter 6 could be used to establish a standard-

ised potential scale for the H20+NMF+NaNO3 system.

The determination of adsorption data from double layer capacitance
measurements further requires the knowledge of the variation of the
charge density on the metal with respect to the electrode potential.
The charge density on the metal electrode can be obtained from integra-
tion of capacitahce-potential curves with respect to the potential of
zero charge. This requires an accurate knowledge of the pofential of

zero charge.
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The determination of the potential of zero charge is a fairly
straightforward matter using mercury electrodes using a streaming
mercury electrode Technique.6 However, this technique cannot be
applied to solid electrodes. A number of methods have been attempt-
ed to determine the potential of zero charge on solid eIecTrodes;]4_20
however, only the capacitance minimum technique appears to have found
universal acceptance. In this latter technique, the potential of zero
charge is equated with the pofential of the capacitance minimum found
in a capacitance-potential curve obtained in dilute electrolyte solu-
tions. This technique does not, however, necessarily resulf in the
finding of an unambiguous potential of zero charge, since specific ion
adsorption can affect the resuifs. This fechnique also has limited

usabil ity because in many moderate to high concentration electrolyte

solutions there is no evidence of a capacitance minimum.

The writer's initial investigation of HZO-fNMF systems using
double layer capacitance measurements attempted to use an electrolyte
that was known to be only weakly specifically adsorbed on mercury in
the vicinity of the potential of zero charge, and was very soluble in
pure NMF. |t was further hoped that a potential of zero charge could
be found using such an electrolyte. It was known that NaF and NaNO3
were two electrolytes that fulfilled the first criTeria.21 I+ was
found, however, that NaF was almost insoluble in pure NMF, whereas
NaNO3 had a high solubility in NMF,

Polycrystalline silver and platinum electrodes were used by The

writer to determine capacitance-potential curves in NaN034-HZO and

NaN034»NMF solutions. To maintain the same electrolyte activity as
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0.100M NaNO3 in pure water, it was necessary to use 5><1O-4M NaNO3 in

pure NMF,

Capcitance minima were observed in dilute electrolyte solutions
using The polycrystalline silver electrode. However, these capacitance
minima could not be simply equated with the position of the pofential
of zero charge because the electrolyte at These potentials was under-
going irreversible reduction. There was also a further problem in the
assigning of a potential of zero charge in aqueous 0.100M NaNOB, since
no capacitance minimum was found for that system. Though there are
some problems, the use of silver electrodes fto investigate NMF adsorp-
tion from mixed HZO-+NMF solutions appears quite plausible with a bet-

fer choice of electrolyte.

The use of polycrystalline platinum electrodes fo measure capaci-
tance in pure water and NMF was found fo be a reasonably.simple matter
only in moderately concentfrated solutions. In dilute NaNO3 solutions,
the selection of an appropriate analogue circuit to represent the poly-
crystalline platinum/electrolyte solution interface was not resolved in
the present research. The consistent time dependence of capacitance
measurements using polycrystalline platinum was also found to be a fur-
ther complication that requires further attention. The writer realises
+hat more detailed measurements of the capacitance using polycrystalline
and single-crystal platinum electrodes are necessary in dilute electro-
lytes in mixed H2O-+NMF solutions. The usefulness of such studies to

determine NMF adsorption data cannot be gauged af this stage.
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22-26
Khomchenko and others have recently measured the double layer
capacitance of polycrystalline platinum in acetonitrile solutions.
These workers found that the cation selected had a considerable bear-
ing on the capacitance-potential curves. They found it possible fo
detect a capacitance minimum, corresponding fo the maximum diffuseness

of the electrical double layer, using LiCIO4,22 (C.H.) NCIO4 and

27574
23,24

(C,H.) NBF4, but not in NaCIO4 SoluTions.25 Khomchenko and

254
Zelinskii26 concluded from these results that the specific inter-

action of cations with platinum in acetonitrile was in the order:

+ ) +
Na >(C2H5)4N >Li .

From the conclusions of Khomchenko et al concerning cation inter-
action, and problems encountered in using nitrates with silver, the
writer envisages that fufture work in mixed HZO-FNMF solutions using
platinum and silver electrodes will involve a more thorough study of
electrolytes to discern what electrolytes will enable the most adsorp-

tion information to be obtained.

The common practice in adsorption studies using metal electrodes
has been fo supplement the thermodynamic approach wiTh model assump-
tions, in particular by the assumption of congruence of the adsorption
isotherm with respect to one of the electric variables, charge or po-
tential. Standard equations have been derived that enable one To de-
termine adsorption data from double layer capacitance measurements
assuming the adsorption isotherm to be congruent with respect to
charge or with respect to pofential. This is wel | discussed by

Frumkin et al.27
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Katoh and co-workers, for example, used such a method to study
+he adsorption of organic molecules on polycrystalline gold in per-
chloraTe28 and perchloric acid squTions29 from capacitance measure-
ments made using rectangular single pulse techniques. In deriving
adsoprtion data, Katoh et al assumed the adsorption isotherm to be

congruent with respect fo potential.

A vigorous debate has been carried on over the last 30 years as
to whether congruence with respect 1o electrode potential or excess
charge density was the better approximation to the behaviour of or-
ganic sorbates on metal electrodes. Recently, however, Mohilner and
Karolczak30 conc luded that fthere was no theoretical justification in
using the concept of congruence of an organic electrosorption isotherm
with respect to electric variable. From this finding, Karolczak and
MohilnerS] conc luded that the equation most commonly used to determine
electrosorption isotherms from differential capacitance measurements is,
in general, incorrect. They did state, however, that in certain cases

+the most commonly used equation may be approximately valid.

On a more positive note, Karolczak and Mohilner32 have derived
general equations in terms of excess charge density from which excess
electrochemical free energy of mixing of the inner layer and the ac-
tivity coefficients of the adsorbed species can be calculated. These
equations have been derived on the basis of the theory of non-congruent
electrosorption of organic compounds originally proposed by Mohilner et

al in 1977.33
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Recently, Sangaranarayan and Rangarajan have published a series
. . . 34-38 . . . .

of articles in five parts dealing with adsorption isotherms for
neutral organic compounds. The authors forwarded a non-congruent ad-
sorption isotherm based upon statistical mechanical modelling of the
solvent and adsorbate. They also reviewed other adsorption isotherms,
and analysed the criferia for the charge congruence and the potential

congruence of such in the light of their new isoTherm.34

The work of Sangaranarayan and Rangarajan is likely to form a
foundational basis from which the appropriateness of various assump-
+ions made in determining adsorption data can be tested. It is not
uniikely that the assumptions made in fhe commonly used procedures of
the past will prove adequate for the description of various systems,

while being unacceptable in the description of other systems.

The writer sees, therefore, that double layer capacitance measure-
ments made in mixed solvent systems, such as H20+-NMF, will be able to
confribute toward a better understanding of the interaction of soivent

and adsorbate at the metal/electrolyte solution interface.
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APPENDIX 2

Discussion concerning the scanning electron microscope (S.E.M.)
micrographs presented in Figure 4 of Chapter 3.

Figures 4a, 4c and 4d represent the same platinum disc surface.
This electrode was not the electrode used in Chapters 4, 6 and / for
hydrogen atom adsorption and double layer capacitance measurements
because mounting the disc in S.E.M. sfudies required fhe destruction
of the electrode. The electrode is, however, likely fo be representa-
t+ive of the disc electrode used if one does not take into account the
larger defects. Figure 4d was inctuded because the back scattered
electron image, while insensitive to surface topography, shows dark
spots of grease efc. collected from the atmosphere during the traverse
of the samples from the laboratory to the Electron Optical Centfre.
The unusual deposits on the surface in Figures.4a and 4c are simply

grease and other contaminants collected from the atmosphere.

Figure 4b is representatlive of the platinum surface finish of the
electrodes used in the chronopotentiometry work of Chapter 2. Those
electrodes were polished down with 1 um diamond paste. The surfaces
used in the capacifance measurements were more finely pol ished, and

showed fewer and smaller surface defects.





