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Whatever you require,
~inlaboratory

equipment and supplies,
Phone Smith-Biolab
NOW!

Auckland 483-039
Wellington 58:-964

Christchurch30-662

PROMOTIONAL RELEASE

SMITH-BIOLAB LTD. ARE THE SOLE NEW ZEALAND AGENTS FOR
COLE-PARMER INSTRUMENT COMPANY.

THE 1973/1974 CATALOGUE IS AVAILABLE UPON REQUEST.
WHAT DOES COLE-PARMER SUPPLY?

Their 400 page catalogue covers a very wide range of equipment — e.g.
Ultrasonic Cleaners . . . 7 models. Laboratory Mixers.
High Vacuum Rotating Evaporators. Reusable Plasticware of the highest quality.

DELIVERY: Cole-Parmer are very efficient in their despatching of orders to us — 6 to 8
weeks and you will receive all goods on indent.
Cole-Parmer together with Smith-Biolab look forward to servicing your requirements.




SMITH-BIOLAB

RODUCT NEWS |

B.B.L. DEHYDRATED CULTURE MEDIA

We are New Zealand's largest stockists and suppliers of dehydrated culture
media and culture media ingredients for microbiological laboratory investigations.

B.B.L. has also produced for you a comprehensive “"Manual of Products and
Laboratory Procedures’’ which may be yours on request.

PHONE US NOW FOR YOUR REQUIREMENTS

VOLAC GLASSWARE
VOLAC have done it again!

Just released and now in stock is the New Universal Pipette Controller from Volac.
Accepting 1 ml to 20 ml Pipettes with top diameter of 4.5 mm to 8.7 mm, the
Controller incorporates an Adjuster and Plunger action for repeating volumes,
screw control for fractional delivery or extraction and a free-flow control, for high
precision bulb-pipettes, with pre-set plunger refilling.

Available in six colours.

Our price Ex-Stock ... $10,75 each

BIOLAB HOTPLATE MAGNET STIRRER

Our own designed and manufactured unit is robust, reliable and designed to meet
your needs.

Features: Hot Plate has non-skid surface. Hot Plate has a thermostat control.

Magnetic Stirrer is controlled by a continuously variable speed control
knob.
One year unconditional guarantee against faulty manufacturing.

Ask us to send you one for one week's free trial.

Our price...  $75.00

SMITH-BIOLAB LTD

PO Box 36007 Auckland 9 New Zealand
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{//| the BDH Jet Delivery Service' for
‘ Biochemicals ex- UK.

A new system has been formulated between New
Zealand and the U.K. to provide customers with
an eflicient ordering and delivery service for the
entire range of BDH Biochemical products; at
the existing competitive prices.

The system operates as follows:

(A) Orders from customers cumulatively totalling
over $50 value are telexed daily to UK. by
our Sales Service Dept.

(B) Orders totalling under $50 telexed weekly.

The “Jet Delivery Service™ lands the products in

New Zealand in 10 days* from our telexed order.

Our “Rush” Service is our

Standard Service

{at Catalogue prices)

Coupled with the renowned economy of BDH

Biochemical products, this offer provides unique

advantages to New Zealand laboratories.

10 DAYS EX-U.K.

*(During normal conditions)

Write today for your free BDH Biochemicals
Catalogue.

Laboratory Chemicals Division
BDH New Zealand Ltd.

P.0. Box 624

Palmerston North

Please supply me with free BDH
Biochemicals Catalogues.
Name

Address

Oﬁtain ybur JDS stickers from
BDH New Zealand Ltd now.

3396
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_77 Se ries Model 177 For further information contact:

Infrared
Spectrophotometers

The Model 177 is a high resolution
spectrophotometerscanning1hefundamen‘tlal
range of the infrared spectrum fram 4000 ¢m
to 625 cmi To display high resolution spectra
to best advantage, abscissascale expansion,
slow scan speeds and long time constants are

selectable on the instrument.

Model 377

The Model 377 has the same high resolution
ofthe Model 177, butscans a larger spectral
range from 4000 cm'!qlt;OOcmehe region
from 600 cmto 400 cm'is particularly useful

for the analysis of halogenated compounds,
the study of heteronuclear organic
compounds, and the differentiation of isomers.

Model 577

The Model 577 is the first medium priced
instrument to scan from 4000 cm'to 200 ¢’
and isdesigned to meet both the present and
future needs of every laboratory. The extra
wavenumber range provides additional
information aboutevery sample, although the
instrument will have particular appeal 1o
workers in the fields of organo-metallic and
inorganic chemistry, and those measuring the
thickness of epitaxial films by the interference
fringe method.

Fletcher Health & Science
Private Bag, Auckland.

Phone 31 449

Fletcher
Health & Science

A member of the Fleicher Group of Companies
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If we can servicea
Perkin Elmer

Infra Red
Spectrophotometer
we cah service
anything

For further information contaci:
Fletcher Health & Science, Private Bag,
Auckland.

In marketing Perkin Elmer precision
analytical instruments, Infatronics data
acquisitioning systems, Nippon Denshi
recorders and digital printers. Vickers
microscopes and automated bicchemical
analysis systems, to mention but afew,
Fletcher Health and Science are aware
of the very specialised servicing
requirements such equipment demands.

Phone 31 449

A technical staff with fully equipped

workshop facilities provide a nationwide
service to manufacturers specifications
on allequipmentsold. Where necessary a
24 hour 7 days a week service is provided
and where required routine service Fletcher

contracts can be arranged. Spare partsfor Health & Science
all equipment are readily available. A member of the Fleicher Group of Companies
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Editorial

The new format partly dictated by metrication is with us. The
paper size A4 is derived from the basic metric sheet AQ. AQ,.841 x
1189 mm., has an area of one square metre; this is based on the
ratio of 1 to \/2, enabling a range of smaller paper sizes of identical
proportions to be obtained by successively halving the sheets. Thus
AQ halved gives A1. Any standard sized sheet can be obtained by
cutting a large sheet with no waste.

We have used a heavier quality paper and a new typeface to
give greater clarity.  Redesign of the title page provides for informa-
tion for members, particularly the names and addresses of Branch
Editors whose responsibility it is to provide news and a consider-
able proportion of the articles from their branch membership.

The decisions affecting typography and layout depend on a
number of factors, including fashion. Fashion is a very real thing,
affecting all aspects of life including typography and layout. These
must be agreeable and effective, but within the limits of the material
supplied, the intention of its message, the facilities of the printer
and typesetter and the economics of the job. Thus a larger page
means more space, but this is not necessarily used to cram more
in; more importantly it gives scope for improved layout and attrac-
tive legibility.

The present emphasis on the need for communication is not
just between scientist and non-scientist, but also between one
scientist and another. Specialisation can remove a chemist from
contact with other specialised areas of chemistry. The Journal pro-
vides a medium of communication between members, Council and
members, authors and readers, advertisers and customers.

We hope that the changed format will contribute to improved
communication for Institute members.
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Specific Radiation
Crystallography (SRC)

By J. F. Duncan, A, G. Freeman and J. H. Johnston

Conventional X-ray diffraction techniques have for
a long time been one of the major methods used in
the study of structural aspects of solids. This
method only distinguishes between atoms in
different sets of equivalent positions in the struc-
ture. Therefore it cannot satisfactorily be used to
investigate the details of structures in which partial
or complete replacement of a set of crystallographi-
cally equivalent atoms by one or more impurity
atoms has taken place. This type of substitution is
important in determining the role of trace elements
in mineral and solid state systems, and possibly
also in biochemically significant molecules.

We have been working on new methods which
enable the siting of specific atoms to be determined.
The first two use Mossbauer methods: one is bhased
on measuring the peak area ratio of the absorption
lines in the Mossbauer spectrum and the other
on Mossbauer nuclear diffraction effects. The third
method, applicable to all elements of higher atomic
number than fluorine, involves the interference
between the conventionally diffracted X-rays and
the X-rays reasonantly scattered by trace elements
in the sample.

Mossbauer Methods

Mossbauer spectroscopy is similar to all other
forms of spectroscopy in having a radiation source,
a sample (absorber or scatterer) and a detector.!
Absorption occurs by nuclear excitation of the
Mossbauer atoms of the sample when the -ray
energy of the source is adjusted by Doppler move-
ment {about 0.011 cals/mole per cm/sec velocity

Chemistry Department, Victoria University of Wellington,
New Zealand
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for 37Fe) until it exactly corresponds with the
nuciear absorption levels of the sample. Although
there are about 30 Mossbauer nuclei we are con-
cerned here only with 57Fe, the most commonly
used.

1. Quadrupole peak area ratio (QPAR) method

A typical quadrupole-split Mossbauer spectrum-
for 57Fe is shown in Fig. 1a. The splitting into two
peaks arises from the interaction of the quadrupole
moment of the Mossbaver nucleus with the sur-
rounding asymmetric electric field gradient (EFG)
at the nucleus. Such an asymmetry may be due to
the distortions of the electronic environment
around the nucleus as a result of bonding and/or
the different types and geometry of the surrounding
ligands. This is usually different for each different
type of site within a crystal |attice.

For a powder sample these peaks are of equal
area (intensity) as shown in Fig. 1a. However, for
a single crystal sample this is not the case. The ratio
of the area Ay of the high energy peak to A, that
of low energy peak depends on the sample orienta-
tion with respect to the incoming y-ray (see for
example, Fig. 1b}. The ratio of A, /A, is dependent
on the absorption probabilities of these peaks and
if more than one site is present in the lattice this
ratio is also dependent on the percentage of a par-
ticular type of site occupied by the Mossbauer
atoms.?

Slices of known orientation are cut from single
crystals and their Mossbauer absorption spectra
determined. The site positions of, percentage occu-
pancy by, and sign and direction of the EFG of
the Mossbauer atoms, can be estimated by com-
paring experimental values of A, /A, with those
theoretically calculated using a non linear least
squares refinement procedure. The EFG sign and
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1a. A typical quadrupole split Fe2* Mossbauer absorption
spectrum for @ powdered sample.

b. A similar Fe2* Mossbauer absorption spectrum for a
particular orientation of a single crystal sample.
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direction so determined yields information about
the bond type and bond direction, but more import-
antly, the site positions and percentage occupancy
are obtained, even when the iron is in minor to
trace amounts.

Since the experimental value of Ay/A; depends
on sample thickness, the conditions under which
the experimental and theoretical values of Agr/A,
can be validly compared must first be determined.?

This technique is particularly useful in crystals
which contain two or more different Mossbauer
sites giving rise to very closely overlapping peaks
which cannot be resolved in the powder spectrum—
as is necessary for site identification by the method
of Bancroft, Burns and Maddock.?

We have successfully applied our new
technique to olivine (Mg.Fe).Si0,? and cordierite
Al,{MgFe).[Si,AlOQ 5] In olivine there are two very
similar octahedral sites, M(1) and M{2}, which both
the iron and magnesium ions can occupy9s. This gives
rise to very closely overlapping peaks in the powder
Mossbauer spectrum. However, by analysing the
overall experimental peak area ratio as described
above we have shown that the iron is equally distri-
buted between these two sites?. Fig. 1¢ shows an
experimental Mossbauer spectrum for a single
crystal sample of olivine oriented with the y-ray
direction perpendicular to the {(100) crystallographic
plane. Fig. 1d shows theoretical curves of A, /A
as a function of ¢ (the angle between the y-ray
direction and the & crystallographic axis when the
y-ray direction is parallel to the (001) plane) for
the cases in which the iron is assumed to be all in
the M(1) site; all in the M(2) site; or equally dis-
tributed between the M(1) and M(2) sites. The ex-
perimental data fit the curve for the last situation
very closely.

In cordierite Fe2* can replace the magnesium ions
in the octahedral sites’, or occupy either or both of
the two channel sites in the structure. Also Fed* ions
can replace A3 jons in one of the two tetrahedral
sites8 (see Fig. 2a). Using the QPAR method on
the experimental spectra {one of which is shown
in Fig. 2b) 79% of the total iron content is found
to be Fe* in octahedral sites; 20% is Fe* in the
large channe! sites; and 1% is Fe** in the T, tetra-
hedral sites.” The total iron content of this sample is
only 0.9% by weight.

Also from the directions of the EFG of these
ions, we have been able to determine the principal
bonding directions for the iron in these octahedral

¢. An experimental and computer fitted Mossbauer absorp-
tion spectrum for a single crystal sample of olivine
oriented with the y-ray direction perpendicular to the
{100) crystallographic plane.

d. Theoretical curves of Ay/A. as a function of the
angle ¢ (see text) for: M{1): all the iron in the M(1)
site: M(2); all in the M{2) sites M(1} + M(2);
evenly distributed between the M(1) and M(2) sites.
The bars represent the experimental valuas with errors
included.

Chemistry in New Zealand



and channel sites. It emerges that these are such as
to provide an explanation of the pronounced pleo-
chroic effects in this mineral.

2. Mossbauer Nuclear Diffraction (MND) Method

Since the energy of the y-radiation corresponding
to the Mossbauer transition is of the same order as
that of X-rays used in conventional X-ray diffrac-
tion, y-rays may be diffracted in the same way.
Both X-rays and y-rays are scattered (diffracted)
by the electrons of the atoms in the lattice. This
Rayleigh scattering is insensitive to small changes
in energy (velocity) of the source. However, in
addition, the y-rays may be scattered by Mossbauer
nuclei when the source is moved to achieve reson-
ance. This resulting scattering is sensitive both in
phase and amplitude to small changes in the velocity
of the source, from which the phase of the scatter-
ing may be determined (see below).

In a vy-ray diffraction pattern of a crystal contain-
ing a proportion of Mosshauer atoms, in which the
Bragg angle is scanned, peaks are obtained accord-
ing to the well-known Bragg equation. Black with
coworkers?,!? have developed the theory for this
y-ray scattering in some detail but we will only
mention the significant aspects here. Non-Moss-
bauer atoms show only Rayleigh type scattering of
the incident y-radiation (A in figure on front cover).
However, Mossbauer atoms give rise to both Ray-
leigh (R} and nuclear scattering (N} (B in figure
on front cover). In addition, these two scattered
beams can interfere (RN) as there is a definite
phase relation between them.® Thus, the angular
y-ray diffraction spectrum is different for the cases
in which the source is moving either on (R - N
-}- RN detected) or off resonance (R only detected).
This effect is shown in the (200) diffraction spec-
trum of pyrite FeS., (see Fig. 3a(i)).

After obtaining the angular position of the Bragg
maximum for a certain peak reflection we fix the
system on this and study the intensity of the scat-
tered beam as a function of the source velocity—
i.e. we determine the Mossbauer spectrum
(R+N+4RN) at a particular Bragg angle. Such a
spectrum for the (200) reflection of pyrite is shown
in Fig. 3a(ii). In order to understand the difference
between the scattered and absorption spectrum for
this reflection let us consider the effect of the indi-
vidual components in the scattering process.

The Rayleigh (R) scattering component (Fig. 3c)
which is normaliy independent of source velocity
shows an absorption because the Rayleigh scat-
tering decreases as a result of increased absorp-
tion of the y-radiation at the Mossbauer resonance
velocity. Conversely the nuclear scattering (N)
(Fig. 3b) increases at the resonance velocity. The
interference (RN) term (Fig. 3d) shows a change
in sign as the velocity scans through the resonance
value. If the nuclear scattering from a Mossbauer
atom is in phase with the total Rayleigh scattering
from all atoms in the lattice, then this interference
term is of the form shown in Fig. 3d(i). If the phase

April, 1973
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2a. A projection of the crystal structure of cordierite onto
the (001) crystallographic ptane. The numbers by the
respective atoms are the 2z-fractional co-ordinates of
these atoms.

b. An experimental and computer fitted Mossbauer absorp-
tion spectrum for a single crystal sample of cordierite
with the v-ray direction paralle! to the (010} erytallo-
graphic plane and at an angle of 105° fram the a crys-
tallographic axis.

is opposite, then the net interference term changes
sign and the form is as shown in Fig. 3d(ii). These
three components add together to give the respec-
tive asymmetric peaks shown in Figs. 3e(i) and
3e(ii). These have a positive intensity only when
the nuclear scattering is greater than the total Ray-
leigh scattering. This is generally not the case and is
the reason why most previous workers?,1? have not
considered this nuclear diffraction process as an
important structural tool. However, even if the
absorption component is greater than the scattering
component, resulting in a negative overall scatter-
ing on resonance, the asymmetry arising from the
interference component is still present, and both
the sign and the magnitude of the phase of the
scattered radiation from the Mossbauer atoms may
still be determined. This is not possible in conven-
tional X-ray diffraction methods. Fig. 3a(ii}) shows
the conventional Mossbauer absorption spectrum
and the Mossbauer diffraction  spectrum
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(i) The experimenta! angular diffraction spectrum for
the (200} reflection of pyrite for the cases in which
the source is maoving at velocities both on and off
the Mossbauer resonance value.

(ii) The experimental absocrption and scattered Moss-
bauer spectra for the {200) reflection of pyrite.

The nuclear component of the radiation scattered at
the Bragg maximum.

The Rayleigh component.

SUM ReN-RN

=

The Rayleigh-nuclear interference component when the
Rayleigh and nuclear components are of:

(i) the same phase.

(ii) the opposite phase.

The resulting sum of the Rayleigh, nuclear and Rayleigh-
nuclear interference components when the Rayleigh and
nuclear camponents are of

{i) the same phase.

(ii}) the opposite phase.
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{(R+-N4RN) for the {200) reflection of pyrite. In
this case the phase of the Rayleigh scattering is
the same as that of the nuclear scattering and
Rayleigh (R) term is greater than the nuclear {N)
term, resulting in overall negative asymmetric peaks.

As a corollary, if the overall crystal structure of
a mineral or compound is known, then it is possible
to compare the experimentally measured phase
angle from the Mossbauer nuclear diffraction spec-
trum for a certain Bragg reflection with those cal-
culated for a number of different possible Moss-
bauer sites within the crystal. This will enable posi-
tive identification of the Mossbauer atom site. If
there are a number of different Mosshauer atom
sites then the number of reflections required to
solve the problem will be increased accordingly.
This method is easiest for centrosymmetric systems
in which the phase angle for each set of crystallo-
graphically equivalent atoms can only have one of
two values, 0° or 180°.

We have again successfully applied this method
to cordierite to identify the iron sites, and our re-
sults agree with those obtained in the QPAR method
previously mentioned. Determination of the percen-
tage occupancy of the sites by this method requires
about 10% total iron ‘and was not poassible with
cordierite.

The major disadvantage of this scattering tech-
nique is the very low source intensities obtainable
for y-rays compared with those for X-rays. How-
ever, the ahility to determine the phase of the iron
atoms is a major advantage in the solution of the
structure of complex minerals, and biological com-
pounds such as proteins. This can be evaluated by
a relatively easy experimental procedure.

3. X-ray Resonance Diffraction (XRRD) Method

Specific radiation detection can in principle be
extended to the more general case of X-ray diffrac-
tion using a detector which is sensitive to a par-
ticular energy of radiation. In this case the source
is a conventional X-ray generator and the detector
is a high resolution solid state device which dis-
tinguishes between the different X-ray resonance
energies of specific trace elements and the incident
radiation. The method involves a study of the dif-
ference between the normally diffracted radiation at
the Bragg angle and the rescnance radiation of
the specific elements concerned. We have observed
the effect for the iron atoms in a single crystal of
sodium nitroprusside and are using it to study the

Aprif, 1973
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substitution of iron in cordierite and iron, nickel
and chromium in beryl. This method appears to be
general and versatile and could open wide pos-
sibilities  in  new developments in structural
chemistry.

Conclusions

These new methods of SRC now allow several
new types of investigation, depending on the role
of trace elements in compounds, to be undertaken.
Some examples follow:

(i) Distribution of trace elements in minerals, how
they are affected by ore genesis, and the re-
lated energetics.

(i} Cluster formation of trace elements within the
body of crystal.

{iii) The siting of impurity ions in semi-conductors.

(iv) The distribution of different valence states be-
tween crystallographically equivalent sites in
compounds.

(v) The determination of the position of a trace
element in a biological molecule, e.g. how much
cobalt can substitute for iron in haemoglobin
and does it play any significant role?

(vi) The determination of the phase angle for the
diffraction of atoms in crystals.
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N.Z INSTITUTE OF CHEMISTRY

CONFERENCE
Christchurch
20 - 24 August 1973

The Conference is to be held in Christchurch at the llam site of
the University of Canterbury.

This year, the theme of the Conference is “The Chemist and
New Zealand Resources”. The main papers of the general
sessions will emphasise new uses, current problems, future
developments and the utilisation of our natural resources.

The first day of the Conference will be organised by the
Specialist Groups within the N.Z.|.C. together with a meeting for
teachers on Chemical Education. The next three days will involve
four major symposia covering minerals, wool, timber, and
pastoral food products. Visits to local points of interest are to be
arranged. .

UNIVERSITY OF AUCKLAND

Centre tor Continuing Education

FUNDAMENTALS OF CORROSION TECHNOLOGY

A refresher course on corrosion science and engineering principles
for engineers, metallurgists, chemists, architects, teachers and others
concerned with this field, will be held at Auckland University in June/
July 1973, There will be five weekly sessions, each consisting of a
lecture, discussion and demonstration, held at 5.30 p.m. to 7.30 p.m.
on successive Thursdays.

7 June Metallurgical Factors Dr. W.. G. Ferguson
Dr. J. T. Gregory
14 June Electrochemical Factors Dr. G. A. Wright
21 June Corrosion Reactions Dr. G. A. Wright
28 June Atmospheric Corrosion Dr. D. J. Spedding

5 July Water Chemistry and Corrosion  Mr D. J. Ogilvy

A Brochure and full information on syllabus, preprints, and enrol-
ment are available from the University of Auckland, Private Bag,
Auckland.

This course has been organised on behalf of the Australasian
Corrosion Association, N.Z. Branch.

G. A. Wright
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Some Newer Concepts in

Electrochemical Science

J. O'M. Bockris

The Flinders University of South Australia, Bedford Park, South Australia,

Professor Bockris has made many authgritative contribu-
tions to electrochemical science, and his books and papers
have had a profound influence in shaping modern electro-
chemistry. As Guest lecturer at the NZIC Conferance,
Wellington, 1972 he gave the Main Lecture on which this
review paper is based,

Summary

The New Electrochemistry began in the 1950°s with the
introduction into Western Electrochemistry of kinetic rela-
tions between owverpotential and current density. Over-
potential represents the shift of the Fermi level in the
metal needed to bring ahout a change in the ratio of the
anodic and cathodic current densities from that at
equilibrium.

The structure of electrical double layers as Hg has
advanced by the understanding of the bonding of ions to
Hg, by the introduction of water molecules into the model,
and by the establishment of optical _methads whareby
adsorption on solids can be measured. The activating step
in electron transfer arises more from the partaking of the
equilibrivm thermal states in the reaction and less in electro-
static fluctuations within the solvent.

The evaluation of the detailed sequence of steps in
electrode reactians is difficult and can only be accomplished
in simple processes. Several new methods (isotope analysis;
the dependence of radical coverage on overpotential, and
the examination of the effect of rotation rate on ring-disc
currents at the same potential) help the sitvation. The
rate-determining step can sometimes be identified and is
important in electrocatalysis. In this field, volcano rela-
tions between rate and substrate bond strength suggest
that Pt is difficult to equal: hence the effort has gone to
attempting to use very small quantities on other substrates
where the rate per atom is greatly increased owing to the
existence of spillover effects — ane step occurs on the
Pt and succeeding steps better on the main substrate.

The electrochemical reduction of oxygen, —a super-
important reaction, — is one in which the mechanism re-
quires more clarification. H.0- only occurs in a paraliel
path in reduction at Pt in acid, —and if the surface is
dirty. However, on Au, it is an intermediate in acid: and it
usually is in alkaline solution. Paths in Pt in acid solution
involve bonds to the metal. The surface of noble metal
electrodes has been shown to contain oxide in the anodic
region and not merely adsorbed O, :

Electrocrystallisation has received several clarifications
recently, in particular the positions on_surface at which
atoms first undergo charge transfer (planes, not growth
steps)+ and the detailed mechanism of dendrite growth
where the essential fact is the emergence from the diffusion
layer of the substrate of a pyramidal growth at the summit
of which the radius of curvature is lgss than the diffusion
layer thickness of the substrate. Corresponding to these
conc.usions are a number in mechano-efectrochemistry, in
which a mechanism for the acceleration of dissolution in
straining is found, with an attendant effect on the interpreta-
tion of stress condition. H in metals is another area in
which electrochemical theory has contributed well to the
evaluation of solubility, — therefore permeability, — at local
points of stress and enables one to derive & critical poten-
tial positive to which no embrittlement can occur.

April, 1973

Ellipsometry has been the key to the measurement of
very thin films on surfaces and the understanding of
passivation. Transient ellipsometry is the key to the avoid-
ance of the effecis of roughening on ellipsometric work.

It is easy to pick the area for the greatest advance in
electrochemistry in the next twenty years: it will be in
biochemistry where modern electrochemistry has rationalised
potentials in terms of electron exchange at interfaces and
the semi-conductive properties of substrates. A very
speculate approach to some connections between solions
and possible electrochemical brain mechanisms exists..

Lastly, the Ecological has become an area of intense
effort in Electrochemical Technology. The energy of the
future rmust be in the form of electricity from floating re-
actors or solar cells. The energy travels cheaper as H.
than in wires and at the site of use it can be converted
back to electricity in fuel cells, A general use of H. in
Bnergy conversion storage synthesis, water production, —
and removal of pollution, — gives rise to the term “The
Hydrogen Economy'.

introduction

It is commonplace to say that scientific fields undergo
radical renewal over a period of about fifteen to twenty
years. The generalization has certainly proved applicable
to the field of electrochemistry. Until about 1950, books
under this title described mostly the physical chemistry of
ions in solution (now ‘ionics’), and the electrode process
aspect (now ‘electrodics’) was suppressed to a single
fuzzy chapter. The last twenty years have been ones of
tremendous development, just in this neglected area of
electrode processes. It has arisen from the application of
concepts of chemical reaction kinetics, and solid state
physics, and the break out from the thermodynamic theory
which had previously been mysteriously applied to kinetic
clectrode processes. But what has made the electrode pro-
cess area into a really exciting one, and made it worthy
of the more generous title, Electrochemical Science, is that
it has been shown that electrodic concepts have a ready
application to surface problems in engineering, metallurgy,
biology, ete. To cap this, serious and weil supported pre-
dictions of a Doomsday in the middle of the next century
(pollution, exhaustion of resources) are upon us, and
electrification of most processes in technology is one
path among the necessary paths to escape. A correspend-
ing evolution will be necessary in the direction of a great
spread of electrochemical technology.

The aim in the present article is to describe a few of
the more exciting changes in fundamental electrochemistry
during the last few years.
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Overpotential

The Faraday Society in 1347 held a meeting entitled
"Flectrode Processes” and it is possible to know some-
thing of the state of the field at that date by a perusal of
the papers at the meeting. It is clear that the attitude
then was still overwhelmingly thermodynamic. Electrode
processes were seen in a thermodynamic way, with a dis-
turbance of this by something called overpotential. The
origin of the latter was sought in some characteristic
idiosyncracy of the electrode concerned, typically a gas
film blocking the charge transfer between solution and
metal.

Between 1947 and 1952 a great transition in realization
in electrochemistry occurred in the West, changing to an
attitude already current in Russia. The concept became
generally accepted that, without overpotential, no electro-
chemical reaction would occur, —-rather a reversal of the
preceding view, according to which the main trouble about
electrode processes was the occurrence of overpotential.

The concepts of the modern view are easily explained.
If we regard the current on a surface as consisting of two
partial currents, an electron donating one ({electrode to
solution) and an electron accepting cne (solution to elec-
trode), then the equilibrium situation, about which every-
body had been writing for so many years, is given by

the equation: e

0 =-i

A critical matter is the position of the Fermi level in
the electrade. When a shift fram the equilibrium position of
the Fermi level occurs, the electron donating part of the
current begins to exceed the electron accepting one, and
a net current flows. It is the change of the Fermi level
which is the overpotential. Thus, the passage of a net
current at an electrode is intrinsically connected with
overpotential. This concept is the nucleus of New Electro-
chemistry, and the equation which enshrines it is called the
Butler-Volmer equation which can be written in the form:

-a nF/RT a 3F/RT
c a
i =i (e -e ).
0

where i is current density, i. that which occurs equally
in magnitude but opposite in direction at the reversible
{equilibrium} potential; a. and &, are near-constants usually
between 0.25 and 2 in value; n is the overpotential and
F/RT is a well-known parameter. The equation is the
electrode-kinetics analogue of the Arrhenius equation in
thermal kinetics.

Because overpotential is so important in electrochemistry,
it is worth saying a word more about it. It is helpful 1o
explain it in terms of an analogy and one of the best is
that of an adjustable sales tax and its relation to income.
The purchase price. the E..., has to have added to it an
extra price, the overpotential, befors the goods can be
bought (i.e.. before current can flow). To make the
analogy a correct one, the tax would have to be sophisti-
cated and increase with log of the rate of spending.

Analogies are desirable because one of the more un-
fortunate aspects of overpotentiat is that it is not widely
understood among chemists, even by surface kineticists
outside electrochemistry. It is the arbiter of much in
electrochemical reactions, and electrochemical reactions
seem to play a wide part in nature — one would think the
concept would have already reached the high school
books. On the contrary, although every chemist knows the
cxponential relationship between reaction rate and tem-
perature, only a small fraction of them as yet know the
analogous relationship between the electrochemical reac-
tion rate and overpotential.!

Electrical Double Layer

The structure of the double layer as seen at the begin-
ning of the 50’s was due to Stern, and is shown in Fig. 1.

Stern? had mentioned in his paper that the position of
specifically adsorbed ions may be different from that of the
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ions not so tightly bound. Grahame's? measurements had
deepened this picture and there arose, thereby, the con-
cept of an inner Helmholtz plane, as the plane in which
such ions lie.

The major developments in concept which occurred since
1950 were in two directions. In one the concept of Lange
and Mischenko?, that there are contributions to the over-
potential at the double layer separate from this due to
charges, was modelized. The first equational presentation
was that of Bockris and Potterd whe supposed the existence
of a water dipole layer which would contribute & potential
difference which might depend on pH. MacDonalds, sug-
gested the incorporation of a water dipole layer into the
double layer model, this was taken up by Mott and Watts-
Tobin? who derived equations for the potential dependence
of the dipole layer at the electrade, assuming zero inter-
action between the dipoles.

Bockris, Devanathan and Mullers* worked this model out
in a different way, and the important aspects of their con-
tribution were that they stressed the contribution of water
dipoles to all aspects of electrode behaviour, eg. the
current-potential relation, organic adsorption, and so on.
Accounting for the repulsion term reduced to more man-
ageable portions the large potential difference which would
have arisen from Mott and Watts-Tobin version of this
model, which was in several ways inconsistent with
observations.

The structure of the double layer as seen in 1963 was
summarised by BOM (see Fig. 2). It has not conceptually
changed since that time. Other authars, Damaskin?, Levinel?,
Parsons!!, have accepted essentially the addition of the
dipole component of the mode! originating from Stern,
which arose in the above sequence of contributions. The
detailed model for water on the electrode is not established
(BDM used a crude two-state model). It is possible
for example that the water molecules may be in some
kind of associated form on the surface — research needs
to be in this direction.

A development of interest concerns the nature of the
specific adsorption forces. These had been regarded in the
past vaguely as chemical. However, the specific adsorption
of tetra alky! ammonium ions seems to be inconsistent
with this. Anderson and Bockris!? made a calculation of
the interaction of anions with mercury electrode surfaces,
and showed that the assumption that the dispersive inter-
action of the ions with the mercury surface was consistent
with the degree of contact adsorption and the radius among
the anions. There seems no need to assume chemical
bonding.

One of the more diagnostic ways whereby one may test
the consistency of a model for the electrical double layer
is to calculate the adsorption isotherm. Three attempts to
do this were published during the 1960's, the first by Bell.
Levine and Calvertld; the second by Bockris, Devanathan
and Mullers; and the third by MacDonald and Barlowlt 13,

In spite of superficial differences, the model which under-
lies these three isotherms is much the same. One difference
arises: that of BDM images the ions enly into the metal, and
neglects multiple imaging in the solution. The multiple
imaging which the other two isotherms embody is certainly
an overestimate, because it assumes that there is perfect
dielectric imaging in the solution; this needs a sharp dielec-
tric discontinuity, which probably does not exist at the
boundary between the outer Helmholtz plane and the Gouy
layer. The actual dielectric situation will be that the dielec-
tric constant changes over some 5-10A out into the solution,
and the boundary will be disturbed on a molecular scale by
thermal motion. It is not easy to make the correct allowance
for imaging and it may be that the approximation which
neglects it is a better one. This seems to be indicated by
some calculations due to Wroblowa and Muller!s, who
contrasted the numerical seauences of the BDM maodel with
that of Bell, Levine and Calvert 13 and found the latter to be
grossly discrepant with experiment in four properties.

* Abbreviated ta BDM for this article.
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A distinction between the two isotherms became re-
cently available from the work of Bonciocat, Bockris and
Sen!’, who showed that the differentiation of the first of
the single imaging isotherms of BDM predicts the shape of
the capacitance-potential curve, whilst that of Levine et all3,
and of MacDonald and Barlowi?,i5 did not.

Thus the situation with regard to the structure of the
electrical double iayer has been substantially advanced
since the term of Stern. Much remains to be done. The
structure of the water molecules on the surface must be
researched. The interaction between adsorbed organic
molecules and the water molecules must be taken into
account in a third approximation of the BDM model. The
greater consistency of the single imaging mode! with
experiment is insufficient to resclve satisfactorily the single
imaging verus multiple imaging problem. But the mast
important lack in double layer studies comes from the little
knowledge of double layers at solids. Here a large field of
research awaits good experimental determinations.

A start on such work has been made by Genshaw and
Chiul8, and developed by Paik and Bockris?. 20, It uses
ellipsometry which measures the change of refractive index
of the double layer during adsorption. This may be related
with little ambiguity to the coverage of the electrode with
ions. It can be shown that artifacts due to the potential
dependence of the refractive index can be avoided if
measurements are made of several sequences?¥. 25. Fred-
lein, Damjanovic and Bockris?? have shown that the
frequency of oscillations of a plate placed in a solution
reflects the surface tensions of the metal-solution inter-
face. They have shown that sufficiently precise control of
the electrode surfaces allows the capacity to be measured
with sufficient significances (i.e., absences of spurious
roughness effects), so that we can apply the well-known
relation:22 32y

C= ——
dag?
to the determination of ¥, and hence, eventually, to
adsorption. Such methods, as did the method of Grahames,
involve obtaining the potential of zero charge in the solu-
tion concerned, and making one measurement of adsorp-
tion by another method; these seem less applicable than
the ellipsometric approach.

Elucidation of Reaction Mechanisms

The interest in electrochemical reaction mechanisms
arises partly from an attempt to relate catalytic results to
rate-determining reactions.

At an early stage in the development of electrode kinetics
it was thought thar the gradients of the change of over
potential of log of current density would be a mechanism-
indicative parameter. However, this parameter turns out to
be only occasionally specifically diagnostic {Damjanovic?3),
Greater pessimism in the matter of coming to a clear con-
clusion on reaction mechanisms has been expressed by
Despic?, but it is not justified so long as it is recognised
that there is no set and definite method whereby the
rate-determining step of an electrochemical or chemical re-
action may be determined; nor, often, great certainty of
the uniqueness of the result obtained. Thus, Despic took
computer studies of the number of possibilities of reaction
mechanisms associated with certain formalised reaction
sequences. The result was that the possibilities are
stupendous in number. However, they are reduced to a
practically small number by three factors.

(i) Chemical intuition {or formally rough estimates

1
(= —ev) of the heats of activation associated with

various paths) throws out a great number of possihilities,
which a computer might choose. {lt chooses only on the
basis of permutation and combination of the symbols in
the chemical reaction.)

(ii} Many possibilities are eliminated by the observed
« values. If a rate-determining charge transfer occurs after
ane more fast electron transfer has occurred, this para-
meter is lower than that often chserved.
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(iii} Lastly, it is unlikely that a unique determination can
be made of a full mechanism in the sense of knowing
each consecutive step, except for simple reactions, sugh
as the hydrogen evofution reaction. But, what can often be
done with little ambiguity, is to find the rate-determining
step.

The rationale of mechanism determination is too long to
give here {cf. Bockris and Srinivasan?5); among examples of
mechanism determination are, however, use of the depend-
ence: of radical concentration on potential which may dis-
tinguish between alternative possibilities in rate-determining
steps?6, the use of isotope factors?’ 2% the use of the
rotating disk with ring34-33,

Electrocatalysis

The dependence of the electrochemical reaction upon
potential has given rise among non-electrochemists to a
misunderstanding of what is meant by electrocatalysis:
it is not the effect of the electrode potential upon the
reaction rate (pedagogically, this could be called a primary
electrocatalytic effect), All the interest centres on variation
of the factor before the overpotential containing the term in
the equation agF/RT

= Le .
Electrocatalysis in fact is catalysis in electrode reactions.
We take the exchange current density as a measure of the
electrocatalytic properties of a substrate.

Thus, if we consider a certain reaction, e.g., the oxygen
evolution reaction, then tabulate the exchange current
density as a function of the substrate at the same tempera-
ture, we are exhibiting the electro catalytic situation for
this reaction. (See Fig. 334)

Platinum is the best electrocatalyst for several electrode
reactions, e, it is used in the important reduction of
oxygen and oxidation of hydrocarbons in acid solution. The
reason for the dominance of platinum is interpretable in
terms which relate to the fact that many electrocatalytic
situations obey a volcano type??. 35 when rates are plotted
as functions of a bonding parameter of the substrate. As
the bond strength gets larger, the coverage of the electrode
with radicals tends to increase, and thus the reaction rate;
but at sufficiently high bondings, the particies are adsorbed
with too great a bond strength to allow their easy cata-
lytic removal.

Among the noble metals, platinum occupies a mid-viay
position in respect to heats of sublimation, i.e. bond
strength. Hence, its excelient capacity as a catalyst.*
Another aspect of platinum is its nobility. ¥ an electrode
is insufficiently noble, even if its catalytic power is a
splendid one, it will dissolve on use. Thus, attempts to
make a cheap catalyst “like platinum” would demand a
substrate as noble as platinum, with bonding properties
to oxygen about the same as that possessed by platinum.
Looked at in this way, a substrate having properties as
satisfactory as platinum becomes difficuit to conceive,
although it is perhaps possible in terms of conducting
oxides.

The hunt for the cheap catalyst has changed its direc-
tion since 1970. The economic criterion is watts per sq.
cm. per dollar of catalyst. If the platinum loading can be
reduced sufficiently, platinum would become economic and
the amount per year sufficiently small to be supplied.

In this respect work which shows how to position
platinum in such a way that its use in porous electrodes is
optimised is important.s? However, of more importance
would be work which showed that by producing the
platinum in sufficiently small particle size or perhaps of a
certain shape, the number of atoms per gram of platinum
used as surface atoms could be increased; and perhaps the
rate constant per atom augmented.

" A _simplistic analysis of factors in slectrocatalysis was published
by Bocciarelli®. It assumed that the thermionic wark function was of
primary importance in determining the resction rate. Mowever, it has
been shown® that the metal-metal junction in electrochemical cells
cencels cut the primary fact of thermionic work functions.
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in this respect the recent work of McHardy38 needs
attention. He has shown that a few ppm of platinum in
tungsten bronzes' * give rise to catalytic effects which
render the surface of the bronzes roughly equivalent to
one which can be obtained with bulk platinum. The
economic importance of this work seems substantial, but
only if it can be proved that the catalysis can last through
many months of use.t

A contribution from McHardy are investigations with an
ion-probe technique with mass spectrography, which showed
that the platinom deposits on the bronze surface were
associated with alumina, presumably from the crucible.
Another contribution showed that rate of reaction on the
bronze varied with the third power of the platinum con-
centration.

Rationalisation of this has been investigated by McHardy.
The surface platinum is 10° times more active than bulk
Pt. The relation between the rate per unit area of the
whole surface and the amount of Pt on it cannot be
rationalized in any way except by means of a “spillover”
mechanism. The O undergoes a first step on the several
consecutive reactions on the Pt surface. However, it goes
faster with respect to the overall reaction if the radicals
produced by the first step diffuse away onto the sub-
strate of bronze and continue to react there. The mech-
anism leads to a rationalization not only of the current-

platinum concentration, but also of the fact that the presence

of platinum does enhance the dissolution of sodium.

The Oxygen Reduction Reaction

The central importance of the electrochemical reduc-
tion of oxygen:
0s - 4H* 4 4e — H20
arises from its being the origin of a major contribution to
energy loss in fuel cells; and to the probable presence
of this reaction as a part of biological energy conversion.

What is the rate-determining step of this reaction?
Most of the work of the “fuel cell age” (1958-68} in
sesking improved catalysts for oxygen reduction was car-
ried out without knowledge of this rate-determining step,
and therefore was largely inspired groping (as indeed has
been most successful catalyst work).

The mechanism of the oxygen reduction reaction is
interesting because there seem to be two path possibilities.
In the one, metal-oxygen bonds are formed; in the other,
hydrogen peroxide is an intermediate.

Thus, in alkaline solutions, a path which did not at
all involve the adsorption of O. might be:
0+ e — 0o
Oa «f H* — HO»
HO: + e — HO»"

OH + e — OH-

2(HO™ + H') — 2H.0
However,

S+ 0s 4 H + e = SOuH

S0:H 4 H* 4+ e = S0 + H:0

SO0 + H* 3+ e — SOH

SOH 4 H* + e —» 5 + H.0

involves the substrate, 5.

There are several ways in which one can distinguish
between the two paths. Vesselowski?¢ determined the
reaction in the surface oxide, by introducing 018 onto the
surface of the electrode, then evolved oxygen upon this
surface. Presence of 0% in the evolving Qs molecules
would prove the oxide path. In the examples used by
Vesselowski the result was positive.

* These were criginally thought by Damjanovic, Sepa and Bockris™ 1o
be themselves catalysts. Although they do have weak catalytic
power for oxygen reduction, it no other models are incorporated in
them, the cetalysia is not 8s good as that of platinum.

t Pulsing appears to restore electrodes which are bacoming de-acti-
vated. Does it replate the material which has dissolved?

l;d

Damjanovic and Genshaw3? used a rotating dis¢c elec-
trode, with ring, extensively in the determination of the
way in which hydrogen peroxide took part in the reduc-
tion of oxygen; a complex pattern of behaviour was shown.

In the reduction of 0. at Pt, H0a only appears in 50
far as the surface is dirty (site blocking). It occurs by a
separate parallel reaction and HiQ: is not further reduced
to water.d!

On the other hand, on Au in acid solution (at below
0.3v}, the 0. reduction reaction proceeds along a single
reaction path with H.0. as a reaction intermediate, which
further reduces atom increasing rate as the potential be-
comes mare cathodic./?

It is remarkable that so little work has been done on
the detailed determination of the rate-determining step for
oxygen reduction. Some work has been carried out by
Damjanovic, Dey and Bockris.?3 The rate-determining step
in the reduction of Q» on Pt in acid seems to be (on
bare Pt)

0: 4+ H" 4 e = OHua + Ouuae

it is difficult to make any generalizations concerning the
rate depending step in Oy reduction which apply to all
noble metals. The mechanisms seem disappointingly dif-
ferent. They do seem to point to the catalytic imporiance
of the metal-oxygen bond which again rationalises the situa-
tion with regard 1o platinum and its predominance as &
good catalyst for oxygen®, for the bond is intermediate
in strength among the noble metals.

One of the difficulties of work with platinum in oxygen
evolution and reduction is that the nature of the oxide
surface changes in the vicinity of 0.9v (with respect 1o a
hydrogen electrode in the same solution), viz., slightly
cathodic to the region of potential at which the: reduction
of oxygen occurs. At some positive potentials the sur-
faces are covered by an oxide film, whereas at more
negative potentials the metal is free from oxide, although
it contains adserbed oxygend! The evaluation of the
characteristics of the surface of platinum as a function
of potential is a good example of what may be done with
ellipsometric analysis; it shows also the difficuity of inter-
preting reactions in catalysis without corresponding optical
monitoring of the nature of the catalyst surface. Figure 4
shows ellipscmetric results of Paik and Bockris?? concern-
ing platinum oxides: whilst the thickness increases at
potentials positive to about 0.9v, the optical parameters of
the oxide remain constant; thus a single oxide is growing.

Electrocrystallisation

Research on electrocrystallisation is in two parts. One
studies atomic reaction paths for movement of ions from
the solution to points on the electrode surfaces, followed
by migration on growth sites. The other is the building
of ions into various types of crystals once the ions have
hecome atoms upon the surface, although they seem to
form a kind of dipole on the surface, with an electron in
the metal. The first problem was solved in the 50's; the
second problem has received little attention. Although one
or two special problems have been solved (in particular
the theory of dendritic growth#3, ¥6), most crystallization
kinetics remain without even consistent systematization of
facts.

Concerning the first problem, the results show that, at
least on the metals examined, the ions first deposit on
erystal planes, migrate across these to growth sites and
incorporate into the crystal. At low current densities, the
surface diffusion to growth sites is the rate-determining
step, whereas when the ovempotential is out of the rever-
sible region, the rate-determining reaction starts to be
charge transfer.

An alfternative proposition was made by Harrison and
Thirsk. The mechanism of Mehl and Bockris is shown in
Fig. 57 and that of Harriscn and Thirsk in Fig. 6. It is
easy to distinguish between these two mechanisms be-

* Nate, however, that this is not so in alkaline solution, where gold
appeors to be the hest catalyst. '
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cause in that due to Harrison and Thirsk the velocity of
the deposition reaction, the discharge step, would increase
with ihe number of steps per square centimetre of sur-
face. A critical examination to prove this point has been
carried out by Razmuney and Bockriss. The result of
the experiment showed that at crystals  which con-
tained configurations in which the number of steps per
square centimetre varied seven times, the discharge rate
hardly varied. In that case, the mechanism for the electrode
reaction is not that of Harrison and Thirsk.

There is a general reason why discharge at steps would
be less likely than that onte planes. It has to do with
the distortion #% which occurs in the sclvation shell of ions
when they discharge. The ign can reach the transition
state with less distortion if it discharges onto a plane rather
than at an edge. Therefore the former reaction is likely to
be more rapid than the latter (i.e. the heat of activation
will be lower). The calculations which involve this con-
clusion are, however, crude indeed and it was necessary
to demonstrate the effect experimentally.

The likely surface diffusion path for metal depaosition,
at least near the reversible potential for several metals, is
increased by reasonable results for the concentration of
surface adions. (Cf. Table 2.)47

Tahble 2

Values of Surface Adion Concentration of Ag Electrode
from Various Workers

C®. (moles am™2)

Meh! and Bockris 90 x 101
Gerischer 15 x 10-11
Lorenz 3 x 10t

Despic & Bockris:
(a) Nonactivated 3 x 101t
(b} Activated 1680 x 1011

Although the problem of a phenomenological theory for
electro-crystallization has proved difficult {even on single
crystals), the velocity of the growth of dendrites has been
solved by Barton and Bockris?s, with significant additions
by Diggle. Despic and Bockris.?6 At first pyramids grow
upon the electrode surface by the rotating spiral mech-
anism. The pyramid may be regarded as growing up within
the diffuse layer characteristic of the surrounding substrate.
As it grows, the distance between the end of the diffusion
layer and the pyramidal tip grows less and the rate of
deposition to the tip. stifl controlled by linear diffusion,

grows more. However, it can be shown that as the pyramid"

grows the tip sharpens, ie., the radius of curvature de-
creases. There is a limiting condition at which the dendrite
tip attains a radius of curvature which would bring it below
that necessary for the beginning of spherical diffusion. The
limiting current becomes controlled no longer by the thick-
ness of the diffusion layer, but by the radius of curvature
of the dendrite tip.

Hence when this spherical diffusion begins, the . limiting
current is greater than for the diffusional case. and the
place where the tip of a growing pyramid attains a radius
below that of 5, becomes then a seat of much more
rapid growth, A thin crystal is formed which shoots out
into the solution.

Much else can be said about the theory of this mech-
anism, e.g., there is a tip sharpening mechanism (so that
when the tip radius is reduced to a size of the order of
about 100A, a Kelvin effect occurs in the free energy of
the atoms in the tip, their dissolution tendency increases,
e, the deposition rate at constant overpotential is re-
duced and the tip returned to the stable tip size). M is
possible to interpret not only the fact that there is a
latency time for the development of dendrites after switch-
ing on a current (it is the time for the pyramid to grow
10 critical dimensions), but also a critical overpotential
below which a dendrite will not grow. (For the shaping
properties of the pyramid are dependent on the potential.)
Dendritic side arms can also be interpreted, and the shape
of the growth velocity-potential relation theoretically
deduced in quantitative agreement with experiment,
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Mechano-electrochemistry

One of the more important aspects of the contributions
of electrochemistry 1o engineering is the interpretation of
stress corrosion cracking. It was once thought that the
stress which developed at certain points in metals gave
rise to changes in the reversible electrode potential, and
that this affected the corrosion at points of stress. How-
ever this effect is negligible. Stress corrosion cracking is
associated with the effect of stress upon some aspects of
the electrode reactions occurring. Local stress may break a
protective passive film; this type of dependence has been
shown by Raicheff & Despici,

One aspect of corrosion cracking is the dependence of
tha velocity of dissolution of metals, unencumbered by
films or by complexities of hydrogen co-deposition, upon
stress.  Qualitatively such effects were chosen by
Gerischers? and quantitatively by Hoars2, However, these
workers did not produce a theoretical model, and a de-
tailed study leading to such a model was first carried out
by Damjanovic, Raicheff and Bockrisid. They based their
work upon an essential result due to Hoar, viz. that it is the
rate of stressing which is the important aspect: They dis-
covered that the velocity of dissolution of the metal in-
creases greatly (10-100 times) beyond a certain eritical
rate of stress.

_ An essential result is shown in Fig. 75 where the
Increase of current due to the application of strajn at a
given rate is found. The current reaction forms a plateau
when the strain is sufficiently large. These plateau values
of the current density depend on the rate of straining.
As the rate of strain increases, an increasing aumber of
particularly active sites per unit area and time come into
the solution. The current needed, before the limiting value
{all new sites used up) is reached, can increase (Fig. 854).
The number of slip planes which have high index faces is
important. If new planes contacting the solution during
straining (ie.. the slip planes) do not have a high index,
the phenomenon is not observed, There is some evidence
that the planes with a high index have an i, larger than
that of lower indices.

Such results may have significance in stress corrosion
when the current density needed is greater than that
which would seem to be available at the given over-
potqn)tial {without accounting for the rate of straining
on \i,).

Hydrogen in Metals

It has been known for many years that hydrogen enters
under certain critical conditions into the lattice of some
metals,_ and causes duress in their  strength, with
dramatrc_ engineering consequences. The amount of dam-
age carried out by such hydrogen is dependent inter alia
upon the solubility of the hydrogen in the metal, This
itself is dependent upon the local stress, the equation
being; - - ‘

Vo/RT
S = S.e B

One important parameter which must be determined if
the hydrogen damage problems are to be understood is
the partial molar volume of hydrogen in the metal con-
cerned. The first workers to do this were Beck, Bockris,
Nanis and MacBreenss; they used an electrochemical
method, the essence of which is shown in Fig. 9. Hydro-
gen is introduced at the cathodic side of a membrane,
allowed to diffuse through the membrane, and removed
anodically in a separate circuit using the membrane as a
bi-electrode. The difference is that the measurement of the
permeation then becomes electrical, i.e. can be sensitively
carried out. It is of course necessary to devise a machine
which subjects the membrane to tensile and compressive
stress, after which a variation of the permeability of
hydrogen with stress at once gives a partial molar volume,
according to the equation:

un Py/Py v,

2 3RT
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It may be that here the electrochemical content was
only that of an experimenial technigue. However, the func-
tions of hydrogen in metals and the damage which results
are subject to basic elesetrochemical factors. This is be-
tause the rate of permeation of hydrogen into a metal
depends upon the concentration and activity of the hydro-
gen on the surface of the metal. Thus the rate of permea-
tion is affected by which mechanism of hydrogen evolution
is taking place on the metal {one in which the steady
state of H on the surface is small: or the other large),
Correspondingly, the amount by which the permeability of
stressed areas increases (for permeability is proportional
to solubility) is dependent upon the partial molar volume
of hydrogen in the metal.

Very interesting results are obtained if one examines the
permeation of hydrogen ‘through a metal membrane as a
functicn of time’s. It is found that behaviour with respect
to time, in particutar the ability to reverse the result, is a
function of timeis. Below some critical over-potential, the
result can be reversed, ane could go up and down the
permeation time line as many times as ome wishes: the
metal is undamaged. However, when the overpotential
exceeds a certain amount, dependent upon the substrate,
there is a fall of the permeation rate compared with a
situation expected by extrapolation at lower overpotentials;
the permeation-time relation becomes non-reversible; the
metal is damaged. Fig 10.

It is possible to deduce a critical overpotential at which
this damage can begin. H one knows the mechanism of
the hydrogen evolution reaction, it is possible to relate the
equivalent pressure inside voids within the metal to the
averpotential. Knowing this pressure inside the voids, it
is possible for one to relate the pressure at which spread-
ing of the voids will cceur to the mechanical praperties
of the metal, e.g. Young's modulus, and the shape of the
crack. Knowing the mechanism of the hydrogen evolution
reaction and the mechanical properties of the metal, one
can show the overpotential at which the spreading of
cracks occurs. Thus, an electrochemical condition for the
stability of metals to hydrogen is available.

Such work relates directly to spontaneous corrosion,
so long as hydrogen evolution is the ecathodic reaction,
and it should be possible to estimate the region of danger
by calculating the critical overpotential needed for crack-
ing a certain metal, relating this to the mixed potential at
which the metal corrodes.

Thin Films on Metals

Civilisation depends upon the protective nature of very
thin films on metals, -for only the noble metals are stable
in natural environments and the rest would decap to
oxides of low strength if they were not protected by
oxide layers. These oxide layers are however very thin,
often < <50A, and until the mid-1960's, their detection
and examination by electromagnetic radiation was un-
certain.

Ellipsometry has made the difference to the study of
these situations. The major advantage of the technique
for electrochemical problems is that it is not foiled by
the adsorption of the incident radiation in the solution,
as would be, say, an electron beam in an attempt to
apply LEED to electrochemical systems.

What one does in ellipsometry is to irradiate a surface
with elliptically polarised light, knowing certain para-
meters A and ¥ before and after the light strikes the surface.
Briefly, & measures the change in amplitude. Thus para-
meters A and ¥ can be related to the film parameters;
t the film thickness in ng the film's refractive index;
and « the film's adsorption coefficient. Up to 1971 ellipso-
metry was a laborious technique for it involved not only
the optical dimensions, but also some auxiliary measure-
ment {coulometry of the surface usually} to bring in a
third piece of information, so that the two experimental
parameters A and ¥, plus the auxiliary parameter, could
be used to solve equations with three unknowns. In 1971
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Paik and Bockris 1%, 20 showed that the expression of the
intensity of reflection involved also the same t, Nen and
k., as did the expressions for A and w. Therefore, parallel
measurements on the same surface under the same con-
ditions of the intensity of the reflected wave allow us
to evaluate all three ellipsometric parameters.

An example of the application of ellipsometry is the
evaluation of the passive situation of iron in solutions
of pH B4%7. Fig 11 shows the parameters of the iron
before and after passivation. The interpretation is that as
the current climbs towards the peak, islets of oxide
develop near the iron surface; by the time the peak has
been reached they nearly fill the surface’s. The islets
are crystalline. However, Mossbauer spectroscopy 3¢ on
the passive layer shows that part of it is amorphous. [t
follows that the final composition of the passive layer
seems to be formed not only by the growth and coagula-
tion of the oxide islets. but also perhaps by the very
high current density of the dissolution of iron in the free
areas between the isiet, this perhaps results in a dis-
solution-precipitation contribution {which would tend to
give an amorphous layer) finally blocks dissoiution. Wark
by Bockris, Bhimisano Rao and Reddy ¢ seems to show
that in the case of nickel at pH 3.4 the major mechanism
is dissolution-precipitation. Some doubt was expressed
in this work when it was shown that ellipsometric para-
meters could be affected by roughening’?, if the measure-
ments  were not carried out quickly enough (within
seconds). Furthermore, a sign was incorrect in the analysis
of the dependence of the growth on time. The mech-
anism for nickel is hence ambiguous. However it has been
shown by Reddyé! that the sign used in the original
paper is still valid and consistent with a dissolution-
precipitation interpretation of the results. A number of
numerical crosschecks on the nickel results seem to
support the correctness of the original model.

Transient ellipsometry is the ultimate technigue in

electrode-surface measurements. The development of
ellipsometric  spectroscopy also promises much (Cft.
Kruger and McBeed?),

Bio-electrochemistry

In biological systems electrical potential differsnces are
found at all membrane-solution interfaces. Since the begin-
ning of the century such potential differences have been
interpreted blandly in terms of the Nernst equationds;
(a) because the knowledge of electrode kinetics was
absent, or not widespread:; and (b} because an electrode
kinetic interpretation upon more molecular lines seemed
to require “electrodes”, and the presence of electronically
conducting analogues of electrodes could not be seen in
most biclogical systems. The work of Rosenbergd? and
others has cleared away this difficulty, and we know now
that many biological materials exhibit semi-conduction.
The way has been cleared to an electrodic interpretation
of many biological phenomena. The present situation has
been summarised by Drazicés.

Qualitatively, a thumbnail sketech of the direction of
development can be given, Essentially, some biological
systems can be seen as containing electrochemical cir-
cuits equivalent to microfuel cells. A hint of the cxistence
of electrochemical energy conversion arises if ona attempts
to interpret, though in an all-toa-general way, the high
officiency (40-50%) of biclogical energy conversionts, This
clearly cannot involve & heat engine, nor photovoltaics.
Electrochemical cells would give very high efficiencies
were they to be in some sense responsible for conversion
of the chemical energy of the oxidation of organic mole-
cules to mechanical work.

Del Ducca and Fuscoes” were the first to suggest a
specific model for this and it is shown in Fig. 12.

Freeman Copeéd was the first to draw a diagram with
the same type of suggestion, the fuel cell-like function of
a biological cell, but with some experimental evidence.
Lazzaro Mandelé? was the first to give specific evidence
that the relation of the rate of certain biological reactions
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to potentials across membranes was characteristic of inter-
facial electrochemical charge transfer.

These works were drawn together by Bockris?™® who
suggested that the prevalence of electrical potential dif-
ferences in biological situations and the specific results of
Cope and Mandel implied that interfacial charge transfer
was frequently a rate-determining step in biologically
important reactions. Some biochemical reactions may not
be thermal reactions, in which the main points is collision
between the particles and reaction in this way, but rather
electrochemical cells in which the reactants do not neces-
sarily meet, but communicate by means of exchange of
charge with a common substrate,

Recently Bockris and Drazicé? have made speculative
suggestions which attempt to relate the function of some
sclions (electrochemical devices in which current is con-
trolled in a specific way by diffusion and very sensitive
to change of size of the passage between the two elec-
trodes) which can be used as integrators and differentiators,
and mechanisms in the brain. One may speculate that
computer-like mechanisms in brains may utilise, in the
absence of electromagnetic systems, suech electrochemical
elements. )

The Electrochemistry of Cleaner Environments

't has for many years not besn good for the reputation
of the scientist to make predictions of doom by pointing
to increasing pollution, exhaustion of resources, failing
energy reserves, etc. However, Doomsday discussions have
now been given respectability -by work published by
Meadows et al’l. The essence of the work is the use of
computers to calculate the feedback effects of wvarious
postulated scenarios of government control, devotion of
substantial parts of the gross national product to anti-
pollution research, etc. -The general result is that using
present technology around A.D. 2050 (= 30 years) will
be seen, whatever scenario is chosen, very dramatic hap-
penings — sudden intolerable rise in pollution. sudden great
reduction in population, etc., “which can be reasanably
described as a breakdown of the technological society.

However, there is a brighter side to the work of
Meadows et al?l. If the world population can be stabilized
by about 2000 A.D. —if completely clean abundant energy
can be achieved ~— and if recycling of all metals, and much
else, can be achieved —then the Doomsday conclusions
can probably be avoided.*

The significance of electrochemical technology in this
context is the following: At present, only 7% of our
energy is through the medium of electricity, the rest is
fossil fuels. The continued burning of fossil fuels will

* However, it is not yet clear whether the steady state concentration
of recycling metals (etc.) will be able to support the present world
population.
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indeed lead to the kind of disaster indicated by Meadows
et al’l, there is no way by which pollutants can be
removed from effluents 100%, and the maximum particle
removal, say 95-99%, means that the net pollutant ingress
would rise again (from ¢, A.D. 1920} towards the amounts
experienced in the absence of controls. (See Figs.
1372 and 1471).

However, in the new sources of energy (atomic, solar,
geothermal}, the medium of ali energy will originate from
electricity. Electrochemical processes will replace most
chemical processes. The latter were poiluting, and, although
they can be made cieaner, it is doubtful whether their
econemics, even when cleaned, will be comparable with
the economics of intrinsically clean electrochemical pro-
cesses, using very cheap electricity which must arise frem
abundant atomic energy.

Another aspect of the wide role which electrochemistry
wifl play in the post industrial society arises from the
concept of the Hydrogen Economy. To obtain very cheap
efectricity (e.g., one-fifth the present cost), reactors must
be very large indeed (10,000 MW). Their thermal pollu-
tion could not be withstood on land, They must float.
This means that they may often be a long way from the
centres in which the power will be used. Transfer of
electricity over such long distances, say 1,000 miles by a
grid system, would make it expensive. This is not so if
it is ferried about es hydrogen in pipes (Fig. 15). The
hydrogen would be produced from the almost cost-free
electricity produced at the reactor site. It would be re-
produced by fuel cells at the receptor site. The advantage
would not only be the production of cheap electricity,
but the presence of pure water. Domestic drinking and
cooking water will come with the electricity supply,

The Hydrogen Economy is being extensively examined,
and in many senses appears to offer the basis of an
Ultimate Economy, i.e., one which, in terms of the energy
available from it, or the pollution which it would build
up, would be viable as far ahead as we can at present
conceive.

Congclusion

What impresses about the field of Electrochemical
Science is its breadth and its relevance to the near future.
There appears to be at present three great areas of interest
in electrochemistry, research into which would form part
of the basis of a viable future.

(1) The development of surface aspects of materials
science, and therefore material stability.

(2} The development of a non-poflutive technology.

(3) The development of bio-electrochemistry.

All these areas are associated with one concentral con-
cept, the dependence of the electron flow rate upon the
displacement of the Fermi level in the metal from that at
which there is no current, i.e., the overpotential.
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Fig.

Fig.

Fig.
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Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
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Fig.

1. Stern Model with a layer of {—1) excess charge
stuck to the electrode and the remainder scattered
in cloud fashion. The locus of centres of the stuck
ions is at a distance 'a’ from the electrode (Note:
only the excess charges are shown in the diagram
and the water molecules are omitted. The latter sit
on the electrade and separate it from ions).

2. Solvent adsorption model of the double
according to Bockris, Devanathan and Muller.

3. Extrapolated value of log (Exchange Current Den-
sity) for oxygen reduction on Au-Pt and Au-Pd
alloys as a function of alloy composition.

4. Observed and calculated change in relative phase

layer

retardation, SA of polarised light with wavelength -

accompanying & potential change of 0.5v (versus
NHE} of gold electrode in 0.1N Br~ solution.

& The model of an electrade surface for consideration
of current distribution. {l) cathodic current. n
anodic current. (<) surface diffusion flux.

6. Model with rate-determining diffusion to a step.

7. Anodic c.d. — strain and stress — strain (broken
lines) relationships for iron “B” in deaerated 0.11N
H.SO; solution at £ = —0.290V (NHE} and strain
rate of 0.01/{cm/cm sec™l}/.B-breaking point.

8. “Maximum” anodic c.d. {im) —Strain rate (de/d1)
relationships for iron “A” =1, iran “B" -2, and iron
“C" = in dearated 0.1N H.S0, solution. Initial ¢.d.
15.10"5 Acm2,

9. The cell used for the determination of hydrogen
permeation rate.

10. H. permeation transients far Armco Fe (thickness
L = 0.77 mm} in presence of 0.1N H250, for
increasing cathodic current densities at 25°C. (i)
i = 0.4mA/cm2 {2) 0.8mA/em2; (3} 43mA/cmi.

11. The solution of the ellipsometric results, using
coulometry and assuming Fe{OH). below this
peak and Fex0; above it.

12. Analagy of biclogical oxidation of a metabolite to
a conventional electrochemical oxidation reaction.

13. The Hydrogen Economy.

14. Estimated effect of federal controls in the U.S5.A
on hydrocarbon emission from passenger vehicles.
A rising trend is expected after 1985 because of
increasing number of cars.

15. Relative costs of energy transmission by electricity
cables and by hydrogen pipeline.
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Auckland

Manawatu

The Auckland Branch has encouraged
some local members to investigate the
local disposal of noxious chemicals.
One outcome of this has been the
establishment of a disposal service
organisation based at Rocklabs Ltd.,
Parnell. More details wili be announced
later.

The Auckland Branch offered its
services to the Police and the Commis-
sion of Enquiry into the spillage of a
dangerous chemical which led to the
“Parnell Civil Emergency”. Several
members were involved in the course
of their employment.

The Branch. has donated $10 to the
George Holmes Memorial Fund.

Mr. H. C. Green has been recom-
mended as official observer to the
Centennial Conference of the Society
of Analytical Chemistry to be held in
the Imperial College, London from July
16-19 1974,

The committee is discussing recipro-
cal membership with the Qil and Colour
Chemists Association,

Professor R. J. H. Ciark, University
College, London, visited Auckland re-

The March meeting of the branch
was addressed by Professor J. K. Syers,
Soil Science, Massey University, on
‘Recent Research into the Chemistry of
Phosphate in Sails".

Massey University

Recent visitors to the Department of
Chemistry, Biochemistry and Bio-
physics have included Dr. D. Williams,
Cambridge University, Dr. R. J. Clark,
University College London and Dr. H.
Mohler, Research Biochemist from
Roche Products Laboratories, Basle.

Dr. D. R. K. Harding has arrived to
take up a post-doctoral fellowship in
the Department of Chemistry, Bio-
chemistry and Biophysics. He is to work
with Professor R. Hodges on the
organic chemistry of polypeptides. Dr.
Harding is an honours graduate from
the University of Canterbury and
gained his Ph.D. from the University of
Western Ontario.

Dr. K. W. Jolley has returned from
leave spent at the University of
Liverpool and Jeol Laboratories. Lon-
don. He was investigating recent de-
velopments in  Fourier  Transform
Nuclear Magnetic Resonance.

Applied Biochemistry Division D.S.1.R.

Dr. L. Kennedy has been appointed
to work on the enzymology of regula-
tion of carbohydrate metabolism in
plants and in bacterial systems. Dr.
Kennedy graduated Ph.D. in bio-

cently and gave a lecture at the Uni-
versity on “Advances in Raman Spec-
troscopy”. Professor Clark is a gradu-
ate of Canterbury University.

A joint symposium on Food
Chemistry with the Institute of Food
Technology is planned for Wednesday
May 9th at Danish House.

Personal

Dr. W. R. Roper returned recently
from leave at Bristol University where
he researched on organo-metallic com-
pounds.

Mr. B. N. Hannan is spending one
year as a tutor, touring the Mediter-
ranean on a luxury yacht!

Mrs. Mary Mullens has left U.E.B.
Industries to become a technician in
the Chemistry Department, Auckland
University.

Mr. N. Lodge has returned from the
U.K. where he successfully completed
a one year course at the University
of Reading leading to the degree of
M.Sc. (food science).

chemistry from Otago University and
spent two years doing post doctoral
work on the microbial metabolism of
polysaccharides in the Biochemistry
Department, University of Califarnia,
Davis.

Or. L. N. Nixon has been appointed
to work on the characterisation of
mutton  flavour volatiles using gas
chromatographic and mass spectro-
graphic technigues. Dr. Nixon graduated
Ph.D. in organic chemistry from Otaga
University and spent two years daing
post doctoral work on the chemistry of
biosynthesis of pyrroles and porphyrins
in Professor Battesby's Department in
the University of Cambridge.

Dr. J. W. Lyttelton is spending six
months at the Plant Industries Div-
ision, C.S.LR.O., Canberra. There he
is continuing studies of the reactions
of isolated chioroplasts in relation to
limitations to the photosynthetic effei-
ency of plants.

Dr. G. B. Russell is spending 15
months at the Unit of Invertebrate
Chemistry and Physiology, University
of Sussax, Brighton, working on the
chemistry of insect hormones, in re-
lation to previous studies he has made
of phytoecdysones in New Zealand
trees and ferns.

Dr. G. W. Butler recently attended
a meeting in London concerned with
chronic cyanide toxicity arising from the
use of the tropical crop cassava., or-
ganised by the International Develop-
ment and Research Centre.
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Wellington

Canterbury

Chemistry Division, D.S.1.R.

"Dr. A. F. Wilson, Technical Superin-
tendent at the N.Z.F.P. Mill, Kinleith,
delivered a seminar in February which
was entitled “New Developments in
the Forest Industry”. This well-attended
lecture gave an insight into both ths
advantages and shortcomings of the
present pulping process and suggested
lines of research which might lead to
better utilisation of the raw material.

Mr. S. S. K. Tan, who gained his
Bachelor of Food Technology from
Massey University, has joined the Foad
Laboratory.

Mr. G. J. Soteros, who recently
completed papers for his M.Sc. at
Victoria University, has joined the
Water Laboratory.

Mr. R. A. Palmer, a stuedent bursar,
has joined the Physical Chemistry sec-
tion where he will be involved in E.5.R.
and Mossbauver studies. Mr. Palmer
recently completed studies for his
M.Sc. under the supervision of Dr. E.
Sinn at Victoria University.

Mr. R. J. Armstrong has resigned
from the Toxicology Section. He hopes
to continue the same line of work in
the UK.

The February meeting of the Branch
was held at the Medical Centre of
Christchurch Public Hospital. A buffet
meal for members and their wives was
followed by a tour of the Clinical Bio-
chemistry Department.

This year's “Chemistry in Action”
lecture 