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CHAPTER 1

1 Towards an Electrically
Conductive Ceramic

1.I

INTRODUCTION

It may on first consideration seem implausible that monolithic titanium dioxide
ceramic, well-known as an electrical insulator/dielectric material, could ever be
transformed into an electrically conductive material, with a potential application
as a commercial electrode to rank alongside existing materials such as graphite,
magnetite, silicon iron and the family of noble metauoxide-coated titanium anodes.
Yet this is now the case, and what follows is a first-hand account of its inception in
an industrial metallurgical laboratory, and the successes and failures, as those
involved, guided largely by intuition, backed with empirical trials, felt their way
towards a useful and totally novel material.
The work described, was carried out in the Central Research & Development
Laboratories of Messrs IMI plc, at Witton, Birmingham, and began in 1981. As it
became apparent that a novel, electrically conductive and relatively corrosionresistant material was within reach, there were some who felt it might provide an
alternative substrate to titanium as a basis for precious metal (or oxide) coated
electrodes to be used in aggressive electrolytes, such as the strong sulphuric acid
used in many metal electrowinning processes. However the commercial incentive
for change from the widely-used lead-silver alloy anodes was weak, and it seemed
to some, too big a step to introduce a brittle ceramic into an industry where large
and robust components were handled with abandon.. Others contemplated an
opportunity for the electrode material in reversing-polarity swimming pool
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electrochlorinators, a vast market. Yet others, from a manufacturing background,
perceived improved methods of manufacture, leading to a much wider range of
possible applications, including lower weight lead-acid-type batteries than hitherto
possible. These and other applications are discussed below.
The material, for which the registered Trademark “Ebonex”TM, was secured,
because of its lustrous dark grey or black appearance, has been commercially
available for some years now, and has been used in a range of applications,
principally cathodic protection ( Fig 1- 1). Originally registered to Messrs Marston
Palmer Ltd (a wholly-owned subsidiary of IMI Ltd), the Trademark is now the
property of Messrs Atraverda Ltd, and covers a range of electrically-conducting
sub-oxides of titanium. Many other applications remain to be explored. Some are
contingent on further improvement in manufacturing technique, while others, as is
so often the case, have to surmount the barrier posed by existing investment in
long-established plant and processes. Significant capital investment is called for
before new markets can be addressed and such ventures are not without risk.

Fig. 1 - 1. Selection of shaped monolithic Ti,O, ceramic, including rod,
tube and plate.

1.2 THE PATH TO A NEW MATERIAL
A description of the events leading up to the identification of Ti,O, as an electrically
conductive ceramic and a possible electrode material here begins with a series of
paragraphs that might seem disjointed and non-sequitur, but which - taken
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together -describe how the concept of the all-titanium oxide electrode came
about.
The 1970’s and 1980’s were a time when many of the graphite-based anodes
used in the chlor-alkali industry (including production of chlorine, chlorate and
hypochlorite) were replaced by low overpotential, noble metal oxide-type, coated
titanium electrode^.^^ The incentives for phasing out graphite anodes were powerful.
Most chlor-alkali processes are operated at high current density meaning that
quite small savings in cell voltage (typically 0.3V or so) result in substantial longterm energy savings. So rapid and rewarding was the introduction of the new
coated anodes that, over and above electrode re-coatingheplacement market, the
electrode industry set its sights on related markets, that is on the introduction of
titanium based electrodes in other processes, notably electrowinning of metals,
where huge quantities of electricity were used. The anode manufacturers were
confident that in these industries too, impressive cost-savings could be won. The
most obvious target industries were those involved in metal winning, principally
zinc, copper and manganese.
Electrowinning is, for the most part, carried out at much lower current densities
than those used in chlor-alkali manufacture, and to this extent, energy savings
might be expected to be smaller. The electrolyte used, however is usually strong
sulphuric acid, often containing significant concentrations of hydrofluoric acid.
While titanium can broadly be considered to be highly corrosion-resistant to most
chlor-alkali electrolytes, the same is not true in strong sulphuric acid, even when
anodically polarized. The presence of hydrofluoric acid in these electrolytes
further increases corrosion rates. The result of such attack is a tendency to
undermine the applied noble metal oxide electrocatalystcoatings, thereby shortening
the electrode life.
The substrate attack described above, posed a dilemma for those seeking to
move into these huge new markets by developing replacement anodes for the leadsilver alloys widely used in electrowinning. (For completeness, it should be noted
that there have been extensive studies of other binary, ternary and quaternary leadbased alloys to replace the conventional lead silver. Some did show an apparent
superiority, but for various reasons do not appear to have been widely introduced
on an industrial scale). The obvious approach was to deposit coatings which
would be so impervious to electrolyte as effectively to hide the substrate titanium
for most of the electrode useable life. Another approach related to the use of
titanium intermetallics. It had previously been noted, in pickling-off the copper
used as a lubricant in certain titanium processing eg. in wire-drawing where an
intermetallic forms between titanium and copper, that the last vestiges of copper
were difficult to remove. When an electrochemical method using sulphuric acid
electrolyte was tried, it was observed that, when the surface was anodically
polarised, oxygen evolution occurred in preference to copper dissolution. The
balance between the two reactions was about 98 to 2. Such intermetallics were
never seriously considered as a coating for titanium substrates. However, lumps of
titanium-copper intermetallic contained within a titanium mesh anode basket
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seemed to work satisfactorily, and these and other possibilities for titanium
intermetallic-type anodes were extensively examined.
It was during the testing of such copper-titanium intermetallics that it was
observed particles became covered with a titanium oxide film. This could simply
have been a consequence of the selective dissolution of copper. However, a view
at the time, later shown to be erroneous, was that perhaps the titanium oxide film
could be controlling the rate of copper dissolution. Whether logical or not, could a
form of titanium oxide be made into an electrode its own right?
As chance would have it, the company in which the above work was being
progressed, had once owned a ceramics manufacturing facility. Their product
range included titanium dioxide, usually in the form of tube, used as a dielectric
for manufacture of capacitors. Over the years another use of this material had
developed, stemming from its toughness, which allowed its use as a thread guide
in the textile industry. Continuous rubbing of thread leads to build up of static
electricity which in turn attracts ‘dirt’ which can then cause damage to the thread.
Over the years it had been found that build-up of static could be diminished or
eliminated by introducing a measure of electrical conduction into surface layers.
This was achieved by heating the vitrified products in hydrogen at about 600°C for
a few hours. The treatment caused the titanium dioxide ceramic to darken or go a
blue-black, a process know as ‘blueing’. As it happened, in connection with an
earlier investigation into the metallising of plastics., two rods of such ‘blued’
titania were to hand, approx. lOmm diameter X 120mm long.
With hindsight, and given the perceived importance at the time, of developing
possible alternative anodes to replace lead-silver in electrowinning, in particular
of zinc, it might have seemed logical to test the ‘blued’ titania rods in a simulated
zinc winning electrolyte. But as it happened, a simulated manganese winning
solution was readily available, based on sulphuric acid and operated at the
unusually high temperature of ca. 95°C. Thus it was that the ‘blued’ rods were
tested as anodes in this electrolyte, and in the short term at least, appeared to pass
current satisfactory. So, for the first time, the concept of a monolithic titanium
sub-oxide electrode was demonstrated.
The concept of such an electrode could easily have been overlooked, had it not
been for a succession of fortunate events. First there was the felicitous (albeit
erroneous) conception of an outer film, forming on anodically polarized titaniumcopper intermetallic, which displayed semiconducting behaviour, thereby providing
a rate controlling effect on the anodic processes occurring at the surface. Secondly
was the ready availability of some of the ‘blued’ titania rods; and finally there was
to hand a supply of manganese electrowinning electrolyte. As was later appreciated,
the manganese-winning electrolyte is much more favourable to the operation of
such anodes than, for example, zinc-winning electrolytes, allowing even uncoated
titanium to function satisfactorily. Had zinc-winning electrolytes been used, as
might so easily have been the case, less encouraging results could have led to the
project being abandoned. It was widely accepted that the IMI Research and
Development Department had been wisely organised in such a way as to encourage
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lateral thinking. But even so, the path from initial concept to eventual
commercialisation of a product and identification of appropriate markets, was to
take another 20 years and to involve costs of many millions of pounds.

1.3 INITIAL PRODUCTION OF TEST MATERIAL
It was recognised at the time that the electrical conductivity of the “blued” titania
was only superficial. On fracturing, the bulk of the ceramic is creamy white in
colour, as is its ‘non blued’ precursor. It was loosely thought that the outer layer
was some form of non-stoicheometric rutile , referred to as TiOx where “x” was
not known. (Full details of the titanium - oxygen equilibrium diagram had not
been established at that time). Most of those working on the project had no
knowledge of oxide phases, either by name, such as “Magneli” or “Wadsley” or by
their stoicheometry, such as Ti,O,
To explore further the possibilities of a modified titanium dioxide ceramic as
an electrode, it was necessary to establish a supply source, for experimentation
and trials. Mainstream ceramic manufacturers were not interested in supplying
such small quantities. The alternative was to identify stockists who might be
prepared to do so. From such stockists, a few tubes were procured, all approximately
1OmmOD X 100mmlong.
Within the Research & Development Department, equipment was available
for the heat treatment of metals and alloys in non-oxidising atmospheres, including
hydrogen. The commercially procured tubes were therefore heated in hydrogen at
ca. 1000°C for a few hours. The ‘blued’ tubes which emerged, were darkened not
only superficially, but throughout the bulk of the ceramic. The ceramic had
become integrally electrically conductive, though with a conductivity still far
short of that characteristic of most metals.
Coated with an established noble metayoxide electrocatalyst, Pt + I d x by a
paindthermal decomposition route (described below), the tubes were anodically
polarised in simulated zinc winning electrolyte (165 g d i t r e sulphuric and + 115
ppm chloride + 5 ppm fluoride). Most gave good performance, some for up to a
year when, for commercial reasons, the project was halted.
In other work, an uncoated ‘blued’ tube was made an anode in saturated brine
at ambient temperature ,in order to observe its current carrying capacity. Almost
immediately after switch-on, and to the amazement of the onlookers, the ‘blued’
material visibly disintegrated, with a pile of fine black powder forming on the
floor of the tank, directly underneath. This powder was later identified as titanium
oxide, and in subsequent spectrographic analysis, the starting electrode was found
to have contained significant quantities of aluminium.
With hindsight, the incredulity of those involved in the experiment, that
alumina was present in a nominally all-titania tube, might seem naive. The truth
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was that these were largely metallurgists either by training or experience, and with
little knowledge of either the theory or industrial practices in the ceramics industry.
Clearly, there was an urgent need to learn in some detail, what was involved in the
manufacture of ceramics. Thus it was appreciated that much difficulty attends the
vitrification of high melting point ceramic particles. In many instances, and this
includes the manufacture of titania, a low melting point vitrifying agent is added,
effectively to glue together the high melting point particles. These are sometimes
known as “sintering aids”. In the case of titania, such agents include clays and
tungsten oxide. Such clays (for example bentonite) contain aluminium. Vitrifying
agents are routinely added, whether the end use is as a dielectric material or as
threadguides. Of the handful of titania tubes acquired from a stockist, half contained
several percent of aluminium, and the others tungsten (both in the form of their
oxides).
Asked to supply titania tubes without sintering aids, manufacturers warned that
it would be difficult to ensure a dense product. They also asked what purity was
required for an electrode-grade ceramic. Not really knowing how to answer at that
stage, it seemed reasonable to specify impurity levels similar to those set for
commercial grade titanium to ASTM Grade I. In this specification, aluminium,
iron and several other impurities must each not exceed 0.05 wt%. Achieving such
low levels proved far from simple. Most ceramic manufacturers offering titania,
are primarily alumina producers. Furthermore, most of the equipment used in
powder processing or handling is ferrous-based. Impurity levels found in initially
used samples from manufacturers are listed in Table 1-1.
Many more lessons in the technology of ceramics manufacture were learned
through hard experience, mainly those related to the processing of the precursor
powders into vitrified ceramics. It is essential, in carrying out this transformation,
to ensure a predictable shrinkage rate on vitrification. Unless this is the case,
components cannot be manufactured to any reasonable dimensional tolerances. In
essence, this implies production of a starting powder, (‘the green mix’), in which
the packing of powder particles prior to vitrification, is reproducible. It may be
necessary to mix several raw materials which are usually milled, sometimes for
hours or even days, in order to achieve a reproducible shrinkage rate. At some
point in the processing a wax-like organic binder is added to provide mechanical
strength when the product is shaped (the green state) prior to vitrification. It is also
normal, once the product is shaped, to burn out this organic binder prior to
vitrification.
In co-operation with one particular ceramic manufacturer (Morgan Matroc)
agreement was reached that, for so called ‘electrode ceramic’, the ‘green’ state
product would be analysed to ensure the minimum of impurities prior to vitrification.
Should the material fail the required impurity specification, as it sometimes did,
then the ‘mix’ could be diverted to the manufacture of dielectrics and threadguides,
where the specification for impurity content was less stringent. Had the only
option been to discard those batches with too much impurity, the cost could well
have been prohibitive.
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TABLE 1-1

Emission spectrographic analyses on a range of
Titanium Dioxide Ceramics and Powders
Element

A

B

C

D

E

F

Copper
Zinc
Tin
Lead
Iron
Nickel
Manganese
Aluminium
Magnesium
Cadmium
Silver
Antimony
Bismuth
Arsenic
Silicon
Chromium
Cobalt
Titanium
Zirconium
Molybdenum
Tungsten
Van ad i um
Hafnium
Niobium
Calcium
Barium
Tantalum
Boron

< 0.01
< 0.05
< 0.01
< 0.01

< 0.01
-+

0.0110.05

< 0.01

0.0 1

< 0.01

0.01
< 0.01
< 0.01

0.01
-+
< 0.01

0.0110.05

0.05

0.05

0.05

0.0 1

< 0.01

J

J

J

J

0.01
<0.01 -+
<0.01 -+
<0.01 -+

0.05

< 0.01
CO.0 1
CO.0 I

0.0110.05

J

0.05

co.0 1

<o.o 1

<0.01

CO.01

0.0 1
<0.01

+
+

not detected in any +
<o.o 1+
0.01
0.0 1

J

0.0510.1

<o.o 1

0.0 1
0.0 1

<o.o 1
0.0 1

<o.o 1

0.01

0.05

CO.01

0.05

<o.o 1

<o.o 1

0.0110.05

<0.05

J

<o.o 1
<0.05

<o.o 1

<0.05

0.0 I
CO.0 1
major element +
0.0110.05
<0.01
<0.05 -+
<0.05 -+
<0.05 -+
<0.05 -+
<0.05

<0.01
<o.o 1

+

0.05 -+
0.05

<0.05
<0.01 -+

A) TAMM HG. B) NL Industries 20/10. C ) Kronos PDR. D) USA Co
E) Control. F) LCC French Source
J

<0.05

+ 2’/2% Ta.

indicates a minor addition.

Using nominally pure titania in the ‘mix’, ie. without vitrifying addition, material
was processed into tile shape (150 x 150mm X 3mm). Even at a vitrifying
temperature 100°C degrees above normal, it was not possible to achieve a dense
product. Use of a higher temperature still, risked grain growth, which would have
rendered an already brittle material even more so. With a theoretical density for
rutile of 4.3g/cm3, the bulk density of these tiles was -3.9 to 4.0 g/cm3. Thus the
titania for subsequent hydrogen reduction was porous. Once again, a failure to
achieve what had been sought, proved felicitous.. Had it not been for this initial
porosity, it would have been much more difficult than it was to achieve homogeneous
reduction of the titania to a lower oxidation state.
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Armed with precursor titanium dioxide of higher purity, and after heat treatment
in hydrogen to produce ‘blueing’, the material was again tested as an anode in
brine. The rapid disintegration previously observed did not occur. Evidently the
aluminium-rich material binding the rutile particles together in the earlier tubes
was simply dissolving in brine, as might have been expected. Interestingly, the
coated tubes, although they contained alumina, on evaluation in simulated zincwinning electrolyte remained intact, presumably because the alumina-rich areas
could not be further oxidised and so remained stable.
Whether ‘blued’ titania was made with or without vitrifying additions, the
appearance after hydrogen reduction was much the same. Hence to avoid confusion,
all subsequent titania starting ware was processed without vitrifying additions.
With hindsight, it is possible that this was an over-reaction and it is now accepted
that in certain situations, it is advantageous to add sintering aids to Ti,O, powder,
in order to form a dense product for use in chloride-free aqueous environments.
In order to appreciate the course of subsequent developments, it may be
helpful to describe aspects of present-day knowledge of the titanium oxygen
equilibrium diagram. This is set out below.

CHAPTER 2

2. The Properties of Titanium

Suboxide & Associated
Processes

2.1

THE TITANIUM
DIAGRAM

- OXYGEN EQUILIBRIUM

Figure 2- 1, assembled on the basis of many contributions to the literature, illustrates
the titanium-oxgyen equilibrium diagram. There are many oxides, (see Table 2- 1).
Principal X-ray diffraction lines for several of the oxides are shown in Fig. 2-2.
In order better to appreciate aspects of this equilibrium diagram, an attempt
will be made to describe the thinking about titanium and oxygen by those working
on titanium at the time. Of some, it might be said that it was a permanent preoccupation.
It had long been appreciated that titanium is in fact a most reactive metal, that
owes its ambient temperature stability, in common with aluminium and several
other “valve metals”, to the instantaneous formation on exposure to air, of a thin
protective oxide film. In the case of titanium this film is presumed to be amorphous
or a finely crystalline form of rutile. Using ellipsometry, the thickness of such
films was found to be to be approx. 5nm if formed in slightly moist air, and a little
thicker when formed in dry air.88
In the early days of titanium manufacture in the UK, much effort was invested
into ways of thickening the surface oxide in order to facilitate processing e.g wire
drawing. Apart from thermal oxidation, which results in oxygen absorption into
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the bulk titanium as well as thickening of the surface oxide film, there were other
approaches for forming thicker oxide films, in some cases to several microns, by
purely chemical/electrochemical methods. At one stage there was call for a 'black'
surface film, thought to be of possible importance for cathodes in metal winning,
where stripping of strongly adherent cathodically deposited metals can be a
problem. Another potential application was for camera and other optical
components, and also for purely aesthetic reasons. Several techniques for forming
such black surfaces were identified including anodising in alkaline solution
containing sodium gluconate.
I

I

I

I

1

Liquid
Ti 0,(high)+liq

//

c)

0,
i=

Ti2 0

Ti0 (low)

f

I

Ti2 0

0

0.2 0.4 0.6

Ti0 (low)

0.8

1.0

1.2

-

I

1.4

1.6

1.8

2.0

Composition Oxygen
Titanium

Fig. 2- 1 . Titanium-oxygen equilibrium diagram.

Another purely chemical method of blackening involved immersion in sulphuric/
chromic acid solution at -140" C . It was loosely thought that conditions for a good
black were intermediate between 'passivation and corrosion', thereby implying
quite specific conditions for its formation. The black appearance was thought to
be based on optical absorption rather than light scattering, and was attributed to
non-stoicheometry in the titanium oxide formed at the surface, loosely designated
as TiOxwhere x was unknown.
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I

Ti5 0 9

I I

I

11

1

Ti3 0 5

I

I

5
Ti3 0 5

I

I

40

3k

30

1

20

Helpful lines to aid in the recognition of Ti4 0 7 and Ti5 0 9 in mixtures of oxides
Ti407 26
Ti509 26

20.7O and 31.7O
21.9O and 33.5’

Fig. 2-2. X-Ray diffraction spacings for selected oxides of titanium.

TABLE 2-1 Information on Titanium and its Oxides
x in
TiO,

Structure

X-ray
density

2

Rutile
Anatase

4.25
3.89

Triclinic
Triclinic
Triclinic
Triclinic
Triclinic
Triclinic
Monoclinic
Monoclinic
Monoclinic
Tetragonal
Hexagonal
Cubic
Monoclinic
Hexagonal
Hexagonal

3.75
3.84
3.9
4.0
4.3 1
4.32
4.35
4.24
4.1 1
4.585
5.69
5.82
5.89
5.0
4.5

1.9
1.89
1.875
1.857
1.833
1.8
1.75
1.67

I .5
1

.o

0.5
0
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It was for a long time thought that, once such a surface oxide film had formed it
was “permanent”, i.e chemically inert, and for the most part, especially in gaseous
environments, this is by and large true.
When immersed in an electrolyte, it can be quite misleading to suggest that such
films are inert, and studies of these black films provided early evidence of this.
Ellipsometry proved a powerful technique for in-situ study of the behaviour of such
black oxide films as their environment was altered. Thus a film may be formed
electrolytically to reach a thickness of many tens of nm in, for example, neutral
electrolyte. However if the temperature of the electrolyte is increased, or the pH
lowered, the film dissolves, to be re-formed as one with greater optical absorbtion,
presumably reflecting a metastable equilibrium with the changed environment. Such
observations can be made either by changing the electrolyte conditions in-situ, or by
removing a sample of blackened titanium from one solution, and placing it in a
different solution, in each case carrying out the ellipsometric observations. Similar
information has been obtained using radiotracer methods to study other systems,
such as iron. At the time such ellipsometric investigatory work was being pursued,
the information shown in Fig. 2-1 was not known, and compositional analysis of
such films was not possible to the accuracies allowed using more modern X-ray
diffraction equipment. Whether it would ever be possible to directly form Ti,O, by
electrolytic means, remains an interesting speculation.
At the titanium-rich end of the titanium-oxygen equilibrium diagram, it has
long been known that oxygen is soluble in titanium, as are nitrogen and carbon.
Oxygen in the lattice increases hardness and this forms the basis of a range of
harder, commercially-available titanium materials .
A German manufacturer (Conradty), whose product range was largely based
on anode-grade graphite for the chlor-alkali; industry, met the challenge of the
new titanium-based electrodes by adopting powder metallurgical routes to titanium
products. In the early stages of change in the chlor-alkali industry, it was difficult
to make durable titanium-based anodes for the mercury-type plants widely used in
Europe. The main problem was believed to occur when the liquid mercury,
flowing down the trough, suddenly surged. This would result in direct metal-tometal contact between the mercury (cathode) and the anode, in other words setting
up a total short-circuit at currents of tens of thousands of Amperes. The effect was
attributed to formation of so-called ‘mercury butter’, when the concentration of
sodium dissolved in the mercury begins to lead to solidification of the mercury. To
limit such damage, Conradty found it advantageous to hide the applied noble
metal/ oxide electrocatalyst coating beneath a thick, porous oxide film. The latter
was formed by applying to the surface a mixture of titanium metal and TiO,
particles and heating to elevated temperature in argon, allowing solid state formation
of Ti,O and TiO. Both these oxides are several orders of magnitude more electrically
conducting than Ti,O, so that even when present at several micron thickness, they
did not create a significant internal IR drop, even at the high current densities used
in mercury-type chlorine cells. Later, other firms were able to deposit film of
similar composition, sometimes rather more complex, by spraying techniques.
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Mention of the formation of Ti,O and T i 0 in this application is described
because from patents at the time, it might have been construed that monolithic
Ti,O and T i 0 could be formed into practical electrodes in their own right, but it is
not known whether the concept was ever brought to fruition.
Early thinking on the composition of non-stoicheometric rutile form of titanium
oxide envisaged this as an n-type semiconductor, with oxygen vacancies randomly
sited within the lattice (see Hauffe also Kubaschewski and hop kin^.^^,^^) As
progressively more oxygen atoms are removed from the lattice, so the number of
vacancies increases. The idea was discounted on thermodynamic grounds, that
these vacancies could remain randomly located. Instead, the preferred model
invoked vacancies collecting into planes, with ultimate closing of the lattice either
side, i.e a partial collapse. The implication is of planes of titanium ions being
closer to each other than might otherwise have occurred. Such defects are known
as Wadsley defects.,O As oxygen is progressively removed, more Wadsley defects
occur until it is energetically more stable for the lattice to rearrange into a different
symmetry from that of rutile. The structure existing at maximum Wadsley defect
concentration is Ti,O,, and the complete restructing results in the composition
Ti,O,. The various crystal modification up to Ti,O, are known as the Magneli
series TixO(2x-l)
where x ranges from 4 to 20.
Had the details of the titanium-oxygen equilibrium diagram as it is known today,
been available at the time of the first experimentation to form a monolithic titanium
oxide electrode, and the composition Ti407known to be optimal (see later), then it is
doubtful any further work would have been undertaken. The compositional range
for Ti,O, (TiOJ being so narrow, it would have seemed impractical to try to
manufacture such material on a commercial scale. But of course experimentation
had preceded a detailed understanding, and showed that indeed it was possible to
make pure Ti,O, without too much difficulty.
By definition, equilibrium diagrams do not predict kinetics. The most stable
oxide in the titanium-oxygen system is TiO,, with other lower oxides in effect being
metastable. Thus it is likely that all sub-oxides, once exposed to air, become covered
with a surface film albeit perhaps no more then a few atomic layers in thickness, of
TiO,; subsequent experimentation which confirmed this, is described below.

2.2

2.2.1

HOW TO PRODUCE Ti,O,?

General Considerations

From thermodynamic considerations, (see the temperature - composition
equilibrium diagrams), titanium dioxide cannot be reduced directly to the metal
via reductants such as hydrogen, carbon and carbon monoxide. At sufficiently
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elevated temperature, however, it is known such reductants can be used to make
Ti,O,, possibly Ti,O,, but certainly down to a lower oxidation state than the
Magneli series, including Ti,O,.
Because of the immediate availability of equipment, the first reduction of
monolithic titania to Ti,O, was carried out using hydrogen. The experimentation
involved a Nimonic (nickel-base alloy) box as sketched in Fig. 2-3.

t

Exit hydrogen

Jimonic box (nickel alloy)

Ti 0 2 tiles for reduction

To gas cylinder

Fig. 2-3. Furnace arrangement for high temperature reduction of TiO,
ceramic to monolithic Ti,O,.

While the furnace into which the box fitted had a capability of 1500"C, the
Nimonic material began to suffer significant oxidation above 1000°C. At the
minimum temperature eventually found necessary to achieve Ti407in reasonably
short times - hours rather than days - (see Fig. 2-4), the Nimonic thinned to the
point of perforation over 8 to 10 heating cycles and the repadrenewal of these
boxes became a significant cost.
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I
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Lo;
I

\
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1150

Temperature O c

I
I

Ti4 0 7

Optimised heating cycle a single
heating at 1230" c for 16 hours
Fig. 2-4. Reduction of TiO, ceramic on heating in hydrogen at various
temperatures.

Cylinder hydrogen was piped to the closed end of the box and into a porous
fire brick to act as a kind of distributor for the gas. The titania tile for
reduction was mounted on highly porous fire brick, in which large holes had
additionally been drilled, as shown in Fig. 2-5. With the end of the box sealed,
argon was flushed through the system to expel air, followed by hydrogen
which was ignited at the outlet. Only then was the furnace switched on and the
box heated to the prescribed temperature. After a specified time, the furnace
was cooled down and the hydrogen replaced by argon before opening up the
box.
To illustrate the reaction 4Ti0, + H, = Ti,O, + H,O, the cool end of the box
and lid, upon opening up after a reduction run, were soaked in water, as one of
the reaction products. In subsequent reductions, drying trains were incorporated
in the outlet. Attempts were made, using these, though with little success, to
measure the weight of water released during a given heat treatment cycle in
order to assess the extent of reduction taking place.
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J
Hydrogen inlet

Fig. 2-5. Detail of the hydrogen reduction of TiO, ceramic to monolithic
Ti,O,.

After a reduction run, visual examination would quickly reveal whether there had
been any over-reduction to form Ti,O,, as the latter phase, apart from mechanically
being very weak, is a pinkish in colour. Slight over-reduction near the point of
hydrogen entry would result in pink spots. Gross over-reduction would mean the
pinkish colour penetrating well below the surface into the bulk, and yielding
material as easy to break as a biscuit.
Most reduced titania tiles had a uniform black appearance, but such visual
evidence provided no indication of level of reduction or any variation in composition
across the plane of the tile or in cross-section. A rapid non-destructive method of
testing was to measure local surface electrical conductivity with either a multi
meter or 4 point probe. Initially, until the technique had been perfected, there were
sometimes alarmingly large variations across even a single tile. Another option to
assess reduction level was to measure weight loss (see Fig. 2-6). This technique
was not totally reliable, as once reduced tiles were exposed to air, the nature of the
porosity was such that weight increased due to absorption of atmospheric water
vapour, presumably by capillary action. While it was not possible to weigh to
fraction of milligrams, nevertheless an order of magnitude of overall reduction
could be assessed in this way. Some examples are given in Table 2-2.
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Fig. 2-6 Calculated weight loss for uniform reduction of TiO, ceramic to lower oxide
form (complete conversion to Ti,O, corresponds to weight loss of approx. 5%).
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TABLE 2-2
Change in density of TiO, tiles on reduction in hydrogen to Ti,O,

-

Each tile 400 g weight. Results taken from early pilot-scale manufacture to
indicate the level of consistency obtainable.
Sample
Number

Initial
density

Density on
conversion
to Ti,O,

EA
EA
EA
EA
EA
EA
EA
EA
EA
EA
EA

3.97
3.97
3.97
3.99
3.97
3.95
3.96
3.96
3.96
3.99
4.0

3.64
3.63
3.64
3.66
3.65
3.67
3.71
3.76
3.75
3.79
3.68

185
186
187
189
I90
191
193
194
195
196
197
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As already indicated, early reduction runs did not yield a uniform product, and this
was especially the case for items stacked some distance from the point of entry of
the hydrogen. At the time attempts were made to improve matters by increasing
hydrogen flow rate and by selecting hydrogen of progressively lower initial dew
point. As was later recognised, such measures proved the wrong way of achieving
product uniformity.
An interesting observation at the time, reflecting the continuing metallurgical
ideology that persisted, related to means of salvaging tiles with obvious spots of
over-reduction, and also warped tiles which needed straightening in order to be of
use. Material was replaced into the Nimonic box described above, and loaded with
a heavy steel weight. Using only a slightly reducing atmosphere to avoid reoxidation, argon with 2 to 3% hydrogen, the charge was taken up to 1230°C for a
few hours. Almost miraculously, the spots of pink Ti,O, had disappeared,
compositional uniformity greatly improved and warping limited or reversed. Such
homogenising treatments did not find favour at the time because of the cost
involved in this second very high temperature heat treatment. Adequate levels of
homogeneity were subsequently achieved by ensuring a more homogeneous titania
starting product and ensuring that the dew point of the hydrogen during reduction
remained constant and low during the reduction process.
Also shown in Fig. 2-5, is a view of the products of an early reduction run.
Table 2-3 shows data for the lowering of apparent density as the reduction to Ti,O,
proceeds. The photograph in Fig. 2-7. illustrates a hydrogen reduction facility of
greater capacity than those initially employed.

Fig. 2-7. Facility for the hydrogen reduction of TiO, ceramic to
monolithic Ti,O,.
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TABLE 2-3

Change in weight, volume and density of tile prepared
by sintering of TiO, powder followed by reduction

A tile was prepared by mixing Kronos TiO, powder (2-4 pm particle size) with
12% Mobilcer organic binder. The dried and sieved mixture was compacted at a
pressure of 1 tonne/cm2.The wax was burnt off at 350°C over 18 hours. The tile
was sintered 2 hrs at 1420°C. Reduction in hydrogen was carried out at 1270°C
for 9?h hrs.

I

Stage

Weight, g

After dewaxing
A fier sintering

52.8399
52.8399

25.161
13.959

After reduction

50.8135

14.58

Volume, cm’

I

Density
2.1
3.78
(+ 80% increase)
3.48
(- 8% decrease)

The composition of reduced titania can be determined by powdering material and
obtaining an X-ray powder diffraction diagram. Another method, albeit a destructive
one, was to weigh a sample before and after re-oxidation by heating in air to
1000°C for about an hour. If A = weight of reduced tile and B = weight after reoxidation, then x in TiOxis given by:

79.9

B

X

X

(B - 16)
16

As an example, let B = 2.4876 g and A = 2.452 g, then x = 1.93.
Using the Nimonic box already described, titanium dioxide powder could
be reduced to Ti,O, powder. The starting material was placed in shallow
ceramic trays to a depth of say 20 mm. Reduction time at 1230°C was but a few
hours compared with 10 or more hours to reduce the same material in tile
form. After the reduction, the product was partly fused and ‘biscuit’ like. It
was then broken up into lumps and ball milled to a specified particle size. Any
material showing signs of pinkish Ti,O, colour was obviously discarded prior
to milling.
To check on the electrical conductivity of Ti,O,powder, material can be
put onto a mould between the jaws of a press, as illustrated in Fig. 2-8. As
pressure is increased, (see Fig. 2-9), so the effective electrical conductivity of
the compressed powder increases dramatically.
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Pressure

Voltage
measuren
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Fig. 2-8. Method for measuring electrical resistivity of Ti,O, powder
allowing increase of applied mechanical pressure.
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Fig. 2-9. Influence of increased mechanical pressure on the electrical
resistivity of compacted Ti,O, powder.
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Fig. 2-10. Auto-reduction of titanium oxalate on heating in argon.

A Japanese patent suggested that TiO, could be reduced at relatively low reaction
temperature in the presence of platinum. However a trial did not reveal any
evidence for such an effect, (see Table 2-4.)
TABLE 2-4
Reaction of TiO, in Hydrogen in the Presence of Platinum Wire
Teachings from a Japanese patent suggested that TiO, could be reduced much faster
in the presence of platinum than without at relatively low reaction temperature.
Rutile in powder form was heated in a refractory boat in hydrogen at 850°C for 6
hours, in one instance without the presence of platinum, and in a second case
alongside a coil of platinum wire. In both instances the product was an unsintered
black powder. Examined by XRD, there was no significant difference in structure,
and very small reduction from the starting TiO,.
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While hydrogen reduction was used initially to form monolithic Ti,O, and is still
widely used, there are several other ways to form the compound, principally using
carbon, (see Table 2-5). Some early production runs were carried out by a US
company, then known as Lambertville Ceramics, in which carbon was successfully
used. In a modified procedure, the same company patented a variant technique
using graphite intercalated with one of a range of additional elements in order to
improve electrical c o n d ~ c t i v i t y . ~ ~

TABLE 2-5

Miscellaneous Solid State Reactions
~~

+ graphite

80% Ti, + 20% Ti,
+ 0.210.4 C
20% Ti,, 44% Ti,, 36% Ti,

1.

TiO,

2.

TiO, + graphite

3.

TiO, + graphite

4.

TiO, + graphite

6 hrs at 1300°C
in argon
6 hrs at 1230°C
in argon
6 hrs at 1230°C in
alternate furnace to 2.
6 hrs at 1265°C in argon

5.

TiO, + graphite

6 hrs at 1300°C in argon

6.

TiO, + carbon black powder
To produce Ti,O,
TiO, + carbon
TiO, + carbon
Ti,O, + TiO,

6 hrs at 1300°C in argon

no Ti,, 30% Ti,, 60% Ti, &
Ti,
20% Ti,, 70% Ti,, 10% Ti, &
Ti,
95% Ti, + some Ti,O,

6 hrs at 1300°C
8 hrs at 1300°C
3 hrs at 1300°C in argon

90% Ti, + 10% Ti, (C 0.6%)
Ti, (C 0.16%)
Ti,O, only

7.

8.
9.

50% Ti,, 50% Ti,

A wide range of alternate solid state reactions were explored as possible practical routes to making
Ti,O,

Ti,O, has been manufactured in fibre form by spinning of a viscous fluid ‘mix’.
.Spongy forms have also been made, by introducing a mobile ‘mix’ into a
spongy plastic which is then burned off. Ti,O, can be deposited directly onto
substrates, by spraying in suitable atmosphere, using TiO, powder as starting
material.
During the chemical etching of titanium in hot oxalic acid solution, it was
noticed that if baths were over-used, a precipitate of titanium oxalate deposited
on the sides of the holding tank. Such precipitate had a platelet form, and this
gave rise to the thought it might be possible to make Ti,O, in platelet form. On
heating the titanium oxalate in argon it was unexpectedly found the carbon
content acted as reductant to form a lower titanium oxide. By control of the time
and temperature of heat treatment, a range of the lower oxides could be made,
including Ti,O, , (see Fig. 2- 10). However in the process, the platelet structure
-*,-,.

l--&
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Pressure

Ti4 0 7

Graphite

Fig. 2.11 Uniaxial hot pressing to form f u l l y dense monolithic
Ti,O, plate.

The raw material used in making monolithic titania, for subsequent reduction to
Ti,O,, is designated by the industry as ‘ceramic’ quality as opposed to the ‘pigment’
grade widely used in paint manufacture. Materials variously made throughout the
world may differ slightly in composition, crystal and particle size and also particle
agglomeration characteristics. Over the years, the various batches of such material
received, were almost always of satisfactory purity for the purpose of electrode
manufacture, although in one instance there was an unacceptably high level of
antimony.
At the same period as the investigations into monolithic Ti,O, as an electrode
material were being progressed, a research team within ICI, including Kendall,
Alford and the late Professor Derek Birchell,*o-R2
were carrying out pioneering
work on improving the mechanical properties and handling characteristics of
ceramics and concrete. One particular development to attract widespread attention
was the production of coil springs, made of concrete. Not only did the approach of
the ICI team place great emphasis on the uniformity of packing of particles (where
particle size and distribution were critical), but in addition, the conventional waxy
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organic binder was replaced by a polymer. Much of the brittleness traditionally
associated with ceramics was associated with defects in the packing, which they
postulated was greatly minimised by introducing shear into the mixing process.
Thus the green state dough or mix was repeatedly put through asymmetric rolls to
eliminate internal voidage. Applying the same techniques to starting titanium
dioxide powder, it was found that on vitrification, a much tougher and denser
product resulted. Such material, however, proved difficult to reduce in hydrogen
to Ti,O,, at least uniformly so.
At one stage an expensive facility was set up to implement the ICI methodology
for making dense Ti,O, from starting Ti,O, powder. In the event, because almost
all previous methods of making Ti,O, involved hydrogen reduction of a porous
starting titanium dioxide, a last minute decision was to retain this approach in the
interests of minimising the risk of failure. For this latter route to be successful, and
despite the mixing involving shear, the monolithic titania needed deliberately to
be made porous in order for subsequent uniform hydrogen reduction to Ti,O,. In
retrospect, the decision not to process starting with Ti,O, powder was an unfortunate
one, and practising the ICI method on starting Ti,O, remains possibly the most
practical route for making dense monolithic material.
As part of a programme in which many variants of processing to make
monolithic Ti,O, were tried, a quantity of Ti,O, powder was submitted to a
commercial firm (Unilator) for vitrification under pressure. The resultant
approximately lcm3sample was found to be fully dense, and key parameters were
measured using this small sample. However, at the time it was held that hot
isostatic pressing (“HIPPING’) would be too expensive for manufacture of material
in volume, and the matter was taken no further. In later years, however, it became
apparent that the presence of interconnecting pores in larger batches of hydrogen
reduced titania was severely limiting some potential applications. Thus problems
arose as a result of creeping corrosion caused by electrolyte wicking up to
connection terminals, even though these were above electrolyte level. A further
trial of vitrification under pressure was therefore considered. In order to make
reasonably sized tiles, say 15 X 15 cm, large presses were required. The only ones
appropriate were located in western USA at the then enormous cost of US $
10,000 per day. At these costs it was imperative to fit as much material between
the jaws of the press as possible, resulting in an arrangement as shown in
Fig. 2- 11. On the assumption that the conditions for uniaxial hot pressing were so
severe that almost any mix would densify, the starting powder was not prepared
with the customary thoroughness prevalent in standard ceramic practice. Certainly
the concepts developed by the ICI workers of introducing shear into mixing were
not carried out. After several expensive runs, it was decided that higher pressure
still, was required, thereby decreasing the area of material between the jaw of the
press. A fully dense product was eventually made which turned out to be extremely
brittle, more glass-like than the highly porous hydrogen reduced titania. Later it
was to be found that the Ti,O, had re- crystallised with what was presumed was
grain boundary migration of iron. This conclusion was reached in part because the
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material was characterised by regions of relatively high iron content which much
impaired corrosion resistance, especially in solutions containing hydrofluoric
acid. With the material so brittle, cracking was almost inevitable as the anode
sheets were tightly bolted up to prevent leaks in various designs of electrochemical
cell, and because of this, together with the impaired corrosion resistance, the idea
of uniaxial hot pressing was taken no further.

0.08-0.07
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0.04-0.03--
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0.01 -I

I

+ Pore diameter in microns
Fig. 2-12. Data on cumulative real surface area and pore diameter (from
mercury porosimetry) for monolithic Ti,O, tile EA27.
(Courtesy of Coulter Electronics Ltd).

With continuing difficulty in finding practical ways of making dense Ti,O,,
attention focussed again on early investigations based on incorporation of Ti,O,
particles into an organic mix, such as hot pressed epoxy resins (see Table 2-6.)
Inevitably in using moulding methods of this kind, electrical conductivity will
suffer unless there is a very high particle content, certainly no less than 60%.
A successful product has now been achieved, providing adequate electrical
conductivity in material with no interconnecting porosity. Such material is now
used in battery manufacture.
Looking back over the 20 or more years of trying to perfect methods of
manufacture of monolithic Ti,O, ceramic, and then persuading industry to
manufacture it, two lasting thoughts come to mind. The first was the pronouncement,
early on in the programme, by a ceramics manufacturer that, as far as ceramics are
concerned, “Small is beautiful”. This has certainly turned out to be the case. While
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tiles or plates up to foolscap (200 X 300mm) size have been made, there has never for
a moment, been any suggestion, even with tape forming, that large pieces akin to
standard size titanium sheets (2500 x 1000 mm), would ever be possible or practical.
Secondly,the author has been saddened, over the years of this work, by the general
reluctance of UK f i i s to participate in new technology such as the use of monolithic
ceramic electrodes for the electrochemical industry, as described here. There are
honourable exceptions, of course. But it is hard to deny a general climate which
appears to be risk-averse, and which lacks the enthusiasm for new ideas which is
almost the norm in many other countries.
TABLE 2-6
Change in Electrical Resistivity of Hot Pressed Cylinders
of Ti,O, / polyvinylidene fluoride (PVDF) of varying ratios
PVDF : Ti,O,
ratio

Density
glcc

Electrical
Resistivity
Q cm

1 : 0.6
1 : 1.9
1: 4.5
1 : 4.5
1.5
1 : 5.5
I :6

2.07
2.53
2.36
2.45
2.32
2.73
2.50

107
8.9 x 10)
2 . 4 163
~
1.7 x 103
63
45

42

Pressing Conditions 180°C, 200 bar, 10 mins.
Cylinders of 300 mm dia.

-

2.2.2

Porosity in Hydrogen-Reduced Titania Ceramic

Formation of interconnecting pores in hydrogen reduced titania has already been
mentioned several times. In part this is due to porosity in the precursor monolithic
titanium dioxide, but it is much increased during the hydrogen reduction to Ti,O,,
due to successive phase changes and the removal of water vapour.
To learn more about the above the form of such porosity, samples were
circulated to several laboratories specialising in characterisation of porous materials
using such techniques as gas absorption and mercury porosimetry. In mercury
porosimetry, mercury is forced into pores under pressure. The pore diameter
penetrated is inversely proportional to mercury pressure; thus a scan of volume of
mercury intruded as a function of pressure allows a pore volume/diameter
distribution to be derived. Commercial equipment can be operated automatically
to a maximum of 2000 atmospheres, corresponding to pore diameters down to
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7.5 nm. Applied to monolithic Ti,O,, typical data is shown in Fig. 2-12. The
information suggests the structural form illustrated in Fig. 2- 13. While it is always
dangerous to generalise, there would seem to be relatively large cavities of up to a
few microns in size, dictated by the starting particle size and agglomeration of the
TiO, powder. Additionally there are also finer capillaries, with diameters down to
a few nanometres.

Metallographic
Visual interpretation of structure
by optical microscopy of section.

Mercury porosimetry
Porous Ti4 0 7

Less porous Ti4 0 7 than above.

Fig. 2-13. Pore structure of monolithic Ti,O, ceramic as deduced from
metallographic examination and mercury porosimetry .

The latter are probably responsible for the instantaneous uptake of atmospheric
water vapour on first exposing freshly reduced material to the atmosphere, as a
result of capillary action. Tests of material exposed at atmospheres of varying
water vapour pressure confirmed a relationship between weight uptake and water
vapour partial pressure.
A quick test for the presence of interconnecting porosity is the simple drop test.
A spot of water, or an alcohol such as ethanol, is dropped onto the specimen and
time for absorption noted. A spot on a glass slide might stay for many hours,
depending upon ambient conditions, with evaporation the only means by which the
liquid could be lost. By contrast, a spot placed on freshly made Ti,O, vanishes
within a second, as it might on blotting paper. If spots are repeatedly applied, then
liquid leaks out on the other side. Depending on the porosity of the sample, a range
of intermediate behaviours can be observed.
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Fig. 2-14. Effect of localised pore filling of monolithic Ti,O, with
dichtol on its premature failure as an anode in seawater.
(Brixham Seawater Laboratory).

In retrospect, the presence of interconnecting pores within monolithic Ti,O,
electrodes have accounted for most of the practical failures observed when using
the material. They have also severely limited many other potential electrode
applications. In general, electrolyte has the capacity to seep within the material
and will creep above solution level to electrical connections (again, due to
capillarity or “wicking”) and all too easily jeopardise the integrity of the connection.
The existence of porosity in anode materials is nothing new. A case in point is
graphite, for many decades almost the only anode material used in chlor-alkali
manufacture. At an empirical level, there were endless trials carried out, and
patents filed, covering the impregnation by various means, of the graphite in order
to eliminate porosity, in most cases using organic materials. In the main, these
proved eminently successful. At the same time, there were numerous scientific

2. THE PROPERTIES OF TITANIUM SUBOXIDE & ASSOCIATED PROCESSES

29

studies and theories, some invoking physical effects, such as the build-up of high
gas pressures within the pores, others involving chemical or electrochemical
reactions leading to the degradation of the graphite.
Bearing in mind the graphite experience, it would seem logical to apply the
same techniques to porous monolithic Ti,O,. Indeed it is practically straight
forward to do so, both allowing the infillant to seep in by itself, or to use assisted
filling by vacuum impregnation, applied external over-pressure or both. A wide
range of organics have been tried; with particular attention focused on a carbon
tetrachloride-based product, called Dichtol, because it was considered safer to
handle than alcohol based types of product. It was also claimed by the makers that
variants of the Dichtol product would withstand temperatures of 300" to 400°C
without significant decomposition. This raised the prospect of infilling pores and
then being able to coat the outer surface with a noble metauoxide type coating
with all applied material staying on the outside where it is required. Dichtol has
remarkable penetrating properties and is widely used to infill hairline cracks in
castings, for example.
Whilst pore in-filling does not adversely affect the electrochemical behaviour
of graphite, the accumulated experimental evidence with monolithic Ti,O, is to the
contrary, with anode behaviour being badly affected. It took a long time, and there
was some reluctance, to accept the reality of the findings. An example of such
early trials, related to testing of uncoated and coated monolithic Ti,O, electrodes
in seawater at a coastal research centre (Brixham). The method of electrode
construction is depicted in Fig. 2-14, consisting of porous strips, the connection
end being potted with a standard CP potting resin. In an attempt to avoid seepage
of electrolyte to the terminal connection, the part of the Ti,O, adjacent to potting
was repeatedly coated with Dichtol resin. In a few instances, rather than use of a
potting resin, electrical connection was via titanium metal, bolted to titanium strip
electrical connectors. Without going into too much detail of this rather large trial,
electrode parts to which Dichtol had been applied, all failed unexpectedly rapidly,
whereas those few electrodes without infillant did not deteriorate in the same way.
Such reluctance was there to accept that infillant could of itself be detrimental
in preparing electrode assemblies, that several years later, for commercial products,
the recommended technique for electrode connections was still to infill pores, then
nickel electroplate, thereby bridging over the sealed pores, and then making solder
connections. In most cases, such connector systems were not long lasting.
It is still not clear why organic infillants should cause problems in practice.
There may be an analogy with the behaviour of aluminium exposed to hot carbon
tetrachloride based cleaning and degreasing fluids. With non stabilised solvent,
aluminium corrodes but not if the solvent has been stabilised. It is accepted that
this is due to hydrolysis of the solvent, to form hydrochloric acid. Whether
somewhat similar hydrolysis products are formed from the Dichtol which attack
the substrate, is open to speculation. In this case, it might be that, in such a
corrosion attack, bulky corrosion products could form, exerting internal pressures
on the porous Ti,O, and causing it to disintegrate?
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Fig. 2-15. Reoxidation of monolithic TiO, ceramic on heating 2 hours in
air at increasing temperature.

Whereas difficultieshave been encounteredwith use of organic idillents, and especially
with chlorinated ones, the same has not been found for inorganic filling materials. The
method of application is the same as used in much coated electrode production,
namely so-called paintkhermal decomposition. Thus, for example tantalum
pentachloride is dissolved in pentanol to a composition of 50 g/l metal content. Such
solutions readily penetrate the porous Ti,O,. With solvent evaporated, the material is
taken up to the decomposition temperature of the tantalum compound, which may be
between 400" and 500°C. On conversion to T%O,, there is a volume contraction, so
that even if pore filling could be accomplished in one so-called paint/stove cycle, then
there would still be internal spaces left, so the process must be repeated several times.
Practically it is unwise to saturate the porous Ti,O, with paint, not only because it takes
a long time for the solvent to diffuse out or evaporate,but there is a risk of overheating
that completely destroys the product. Rather, the paint needs to be applied sparingly,
and it may take 10 to 15 coat/stove cycles to ensure the product is substantially pore
filled. There are, of course, alternatives to Ta205,commonly TiO,. During such pore
filling there will inevitably be some build up of material on external surfaces. Thus, if
it is required subsequently to form on the outside surface, a coating of noble metal
oxide or one containing mixed metal oxides, then specimens need an initial vapour
blast treatment to expose the basic Ti,O, structure.
A modification of the above technique is to infill pores with the same
electrocatalyst as it is proposed to apply when pore filling is complete. This
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overcomes the necessity for an intermediate vapour blast treatment, and such
filling also contributes to the electrical conductivity of the ceramic.

2.3

PLATING/COATING OF Ti,O, WITH METALS
AND/OR METAL OXIDES

Much of what is written below is to some extent amplification of information
earlier noted.
With titanium as with most other metals, it is usual to pretreat surfaces prior to
electrodeposition in order to improve coating adhesion. For titanium metal there are
now a range of chemical etchants, but none so far has been found for monolithic Ti,O,,
basically because of its excellent corrosion resistance. In part a pre-etching is not
needed because the material is already so porous. A relatively simple pretreatment to
apply if required is straightforward vapour blasting.
Platinum might seem an odd choice for initial electrodeposition trials, but work
using this metal was carried out by a group of workers developing noble metaVoxide
coated titanium electrodes.Using a sodium hexahydroxyplatinateplating bath operating
at elevated temperature, no difficulty was encountered in securing adherent deposits
similar to those which have in the past been electrodeposited onto titanium metal.
Later, as expedient, copper, nickel, lead and lead dioxide coatings have been routinely
applied. There seemed merit in particular in applying PbO, coatings to monolithic
Ti,O,, because the coefficients of thermal expansion of the two materials are very
similar, and thus might be expected to reduce the danger of the coating cracking.
The difficulty of applying noble metaVoxide containing mixed metal oxide by a
painthhermal decomposition rate has already been touched upon in connection with
pore infilling. No easy way has yet been found of depositing electrocatalyst selectively
on the outer surface without first filling pores. Techniques have included the use of
very viscous, high concentration paints
A recently used technique applied to titanium metal may also be applicable to the
coating of monolithic Ti,O,. Designed to improve the durability of electrodes in
particularly corrosive conditions, the first step is to apply a platinum electroplated
coating, preferably from a molten salt, and then to overcoat the platinum with
conventional mixed metal oxide coating by repeated painting-stoving cycles.
Before concluding the subject of coating by paintlstove porous, an aspect to bear in
mind is the thermal decomposition temperature of such paints. Some paints, to be
preferred, can be satisfactorily decomposed at 400-450", whereas others might benefit
by raising temperature to 500"or higher. From the graphs in Figures 2- 15 and 2- 16, it
will be seen that Ti407exhibits significant oxidation at the higher temperatures. In
order to deposit noble metal, as opposed to oxide, coatings, paints can conveniently be
reduced to form the metal, at significantly lower temperature if heated in hydrogen,
Ti,O,, unlike titanium metal, being unaffected by hydrogen below its forming
temperature.
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THE ELECTRICAL RESISTANCE OF THE SUBOXIDE

The literature value for the electrical resistivity of Ti407is circa 4000 x
i2 cm.
This can be contrasted with that of other titanium oxides (Figs. 2-17 and
2-18), and also with the resistance of other materials, (see Tables 2-7 and 2-8).
Graphite is only slightly more conductive than Ti40,.
Structure

(

+4 -.

1

+3-.

Rutile

+2-.
Electrical
conduction
log ,ow
+
-.I
(mho / cm)
Structure

-1

-2
O

0.5

-

x1.o
in Tix 02x-l

1.5

2.0

r

Fig. 2-1 8. Electrical conductivity of monolithic titanium oxides of
compositions between titanium and TiO,.

TABLE 2-7 Properties of a Range of Oxides
Electrical
resistivity
n cm

Conductivity
Type

Specific
heat
Ca/moVo

Colour

Thermal
Expansion
Coetlicient

I820
1930

1.7 x lo4
0.5

Metallic
semi
<200"C
metallic

10.6

bronze
bluelbla
ck

9 x 10"

1850

6 x lo4

Melting
Point "C

Thermal
Conductivity
cal/cm/sec "C

Band
gap
volts
eV
0.06

>200"C

1750
1855
2677
2840
2050
1970

0.05
0.023
0.05
0.004

6 x 10'
10'
2 x 10'
> 10'
10'
10"
1 .o

metallic
n-type semi
semi
semi-metal

14.96

I967
660
I945
1915
1491

I800

13.58
15.39
17.39
10.71
28.48

10'
0.1
10'
> lox
> 10'

n type semi
metallic

semi

9.86
13.79
3 I .59
29.2

brown/
black
black
white
white
white
black
black
dark
blue
orange
black
black
white
white

8 x 10"
8 x lo4'
0.9 x 10"
6 x lo4'

3.04

0.1
0.8

2.6 x lo4'
1 . 6 10'"
~

0.4
3.58
-
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Resistivity at

4689 x
4698 x
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Fig. 2-19. Measurement of electrical resistance of monolithic Ti,O,
ceramic between 20°C and 150°C.

That monolithic Ti,O, is indeed electrically conducting can be readily demonstrated
by putting a sample in series with a battery and light bulb and showing that the
bulb lights up! Other slightly less crude methods include resistance measurement
using a multimeter. Use of such meters, which requires application of test probes
to the sample, may give a reading which reflects surface resistance rather than bulk
electrical resistivity.
One practical method of measurement of monolithic electrical resistivity
involves passing a constant current down a bar of material, and then measuring the
voltage drop between fixed points, (see Fig. 2-19)
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TABLE 2-8

Properties of Various Materials
Material

Density
glcc

Alumina 99% 3.6513.93
Spinel
2.813.2
MgAhO,
TiO,
3.514.0
5.0-5.8
ZrO,
CaO, MgO stab
5.2-5.9
ZrO2
Y,O, stab
Sialons
3.O
(si ntered
Si3N4)
3.1-3.2
Si,04 hot
pressed
3.0-3.2
S i c sintered
S i c hot
3.0-3.2
pressed
2.3-2.5
B4C
TIC
4.9
BN hot
I .9-2.1
pressed
wc
15.5
Be0
2.8
Copper
8.9
Aluminium
2.7
Titanium
4.5
Graphite
1.6-1.9
2.5-4.0
Ti40,
TiBz
4.5
NbC
7.8
1.9
TaC

Electrical
Resistivity
Olcm

Thermal
Conductivity
at RT
WM-1 O K - '

Coeff. of
Expansion
10 6 / 0 K

Hardness

33
- 15

5.9
5.6

1900
1500

2.514
1.7-2.0

5.7
8.9

1.3

7-8

"VO. 1

1.5-1.7

1o6
70

20
> 1014

1.7
2.7
42
1400
5000
30
50
70

7

1.5

1600-1800

30- 100
90-1 10

2.8
2.8

2500
2400-2800

30
17
20-30

3.3

3200

0.1

soft

60-80
300
398
237
20
5.9

4.7
5-7
16.6
25
8.5
3

1300- 1600
1106-1300

soft

26
14

In another short series of experiments, see Table 2-9, comparison was made of
the electrical resistivity of what became the standard monolithic T,O,, with
material made from high purity starting TiO, powder. Evidently the starting
material with the higher purity results in significantly increased electrical
conductivity.
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TABLE 2-9

Influence of TiO, Purity on Electrical Resistivity

Comparison was made between the relative electrical resistance of Ti,O,
made from standard ceramic grade titanium oxide powder and material
supplied of much higher purity called TIL TiO, high purity.
Small compacts were made from the two sources of raw material, reduced
in hydrogen at 1236°C and then examined by XRD for phase composition,
and for electrical resistance at ambient temperature using a commercial 4
point probe meter. Comparative results were as follows:
0.002 R
0.014 R
0.012 R

Ti,O, (high purity)
Ti,O, (commercial standard)
Ti,O, (high purity)

The evidence points to Ti,O, ceramic made from a source of high purity
starting powder resulting in significantlylower electrical resistivity compared
with material made from high grade commercial ceramic grade TiO,.
Nominal analysis of high purity TiO,
Element

Maximum Content

Element

PPm

PPm
V
CR
Fe
Ni
Nb
Na
K

2.5

10
10
10
10
20
20
10

Max Content

Ca
A1
Si
P
Sn

20
10
50
20
50

Sb
Pb
S

50
10
100

CORROSION RESISTANCE AND
ELECTROCHEMICAL PROPERTIES

Early assessments of the corrosion resistance of monolithic T,O, were made in
precisely those solutions in which titanium metal does not perform so well,
including in alkali, acid, or simulated zinc-winning electrolyte with 165gA sulphuric
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acid and 15 ppm C1- + 5 ppm F-. To make meaningful comparison between the
various titanium oxides, it was necessary to adopt a common form. All materials
were thus prepared to powder form and sieved through a given mesh size. The
compounds Ti,O and T i 0 were arc melted prior to breaking down; The higher
oxides were made by hydrogen reduction from starting TiO, powder. Results
were similar, whether in alkaline or sulphuric acid based electrolyte, (see Fig.
2-20), corrosion resistance increasing towards the TiO, boundary. If such
information is compared with electrical resistivity of the various oxide
compositions, (Fig. 2-21), it becomes clear why the composition, Ti,O, was
chosen as optimum. This composition corresponds to optimum conductivity at
highest corrosion resistance.

*
3.0--

2.0-S = solubility
(mg / litre) in
165 gpl sulphuric
acid & halides

I

0.5

I

1.o

I

1.5

I

2.0

Fig. 2-20. Rate of corrosion in sulphuric acid-based electrolyte of
various compositions of TiOx ceramic (a similar trend is shown in strong
alkali).
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Fig. 2-21. Influence of titanium oxide composition on electrical
conductivity and corrosion rate.

Thereafter, the behaviour of Ti,O, in a range of media was systematically examined.
Once material became available which was free from vitrifying agent, it was
logical to think of hydrochloric acid, because many years previously, the preferred
chemical etchant for titanium was three days immersion in concentrated acid at
ambient temperature. During this period there was on average a removal of
0.0076mm per side, and formation of a thick sludge of titanium hydride. After 3
days immersion in concentrated hydrochloric acid, monolithic Ti,O, showed no
signs of attack and the solution remained colourless. Testing was continued over 2
years, with periodic change of solution, but still no corrosion was observed. Here,
there, then, was an initial dramatic demonstration of the greater corrosion resistance
of monolithic Ti,O, as compared with titanium metal.
An acid causing enhanced corrosion of titanium is hydrofluoric acid, even in
dilute concentration and at ambient temperature. Hydrofluoric acid containing
pickles are widely used for titanium and its alloys. Therefore experiments were
put in hand to compare monolithic Ti40, and titanium in various concentration of
solutions containing hydrofluoric acid, (see Figs. 2-22, 2-23). The Ti40, was not
immune from activation by hydrofluoric acid, but was at least 4 orders of magnitude
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more resistant than titanium metal, despite being so porous. How much better
might corrosion resistance be for an homogenised, pore-free monolithic Ti,O,!

300

Time
in
hours

I

100

Titanium

/

Oll

1I0

16.0

Log weight loss, g
____)

Fig. 2-22. Corrosion rate of titanium metal and monolithic Ti,O, ceramic
in a standard titanium metal pickling solution.

With the possibility of monolithic Ti,O, in fuel cells containing phosphoric acid,
appropriate testing was put in hand, (see Table 2-10),but with disappointing results.
The behaviour of monolithic Ti,O, in hydrogen peroxide solution was strange,
with the solutions sometimes becoming gelatinous.
As regards the electrochemical characteristics of the material, initial trials
were designed to compare un-coated and platinum electroplated titanium with the
sub-oxide in brine, (see Fig. 2-24). It became apparent that Ti,O, possessed
electrocatalytic behaviour in its own right, with a current carrying capacity
intermediate between that for titanium, which almost immediately passivates, and
noble metal coated titanium which is a superb conductor. There is evidence that
freshly prepared Ti,O, shows greater electrochemical activity than material stored
in air over a period, which would seem to suggest that surface layers slowly revert
to TiO,.
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Solution changed after 16, 33 and 75 hours
Fig. 2-23. Dissolution in hydrofluoric acid-containing solution of
monolithic Ti,O, ceramic and commercial purity titanium.

Monolithic Ti407exhibits similar characteristics to titanium in brine as a cathode,
but unlike titanium, does not form a superficial titanium hydride layer.
Some tests with monolithic Ti,O, using periodic current reversal in brine
showed an unusual behaviour, (Fig. 2-25). While the applied constant current
switched polarity appropriately, the electrode voltage did not immediately follow
suit.
The anodic overpotential of monolithic Ti,O, is relatively high, as shown in
Table 2- 11. In this context the material can be considered broadly comparable to
the recently disclosed diamond coatings formed from carbon in a discharge type
reaction. Monolithic Ti,O, requires care in making sound electrical connections,
whereas the diamond coating performs best on a niobium substrate and is therefore
likely to be costly.
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Fig. 2-24. Electrode potential versus log. current density for various
materials, including monolithic Ti,O, ceramic, in 1Og/l brine at ambient
temperature.

TABLE 2-10

Corrosion Resistance of Ti,O,
Orthophosphoric acid,
strength 90% at 190°C

Ti,O, dissolves quite rapidly

-

~

~~

Caustic soda at 50°C

Initial sample
wt., g

Wt. loss over 11
days, g

Ti in solution

30%

17.33
17.88

0.007
0.008

not detected

50%

16.76
17.95

0.021
0.024

1.2 mg

16.50
18.44

0.087
0.070

1.8 mg

~

~~

80%

Thus Ti,O, corrodes slowly in caustic soda, but increasinglyfast with increasingconcentration.

Included in Table 2-1 1, (see also Fig. 2-26), are some results for Ti,O, nominally
alloyed with different elements. Much caution is required in assessing such information
because of variability that can affect production of starting material without detailed
evaluation of material quality, including uniformity of alloying, the extent of porosity
etc. but the indicationsare that certain additionscan result in a loweringof overpotential.
Alloying also affects thermal oxidation behaviour in air (see Fig. 2-27)
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Sulphuric acid

+

+

Cell
voltage

Electrode
potential

Effects of current
density
30 GPL Brine

Electrode
potential

200 AIM2
24 AIM2

------_

12 AIM2

Effect of time
30 GPL Brine
12 AIM2 current density

Constant current was applied to pairs of magneli phase titanium oxide electrodes, current was reversed in
direction every 30 minutes. Corresponding changes in cell voltage and electrode potential were observed.
The sulphuric acid electrlyte used was 165 GPL H2 SO4 + 115 PPM C1- +5PPM F-

Fig. 2-25. Influence of periodic current reversal on the behaviour of
monolithic Ti,O, ceramic under various electrolytic conditions.
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Fig. 2-26. Influence of alloying of monolithic Ti,O, ceramic on electrode
potential versus log. current density in 220g/l brine at 70°C.
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Fig. 2-27. Influence of alloying of monolithic Ti,O, ceramic on thermal
oxidation in air.
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TABLE 2-1 1
Short Term Electrode Potential Measurements on a Range of
Materials in Brine at Ambient and Elevated Temperature
Electrode Potentials, wrt SCE, in brine at 10 A/m2 current density

Sample

~

Ambient
200 811
A

200 g/l
C

30 gll
A

30 g/I
C

70°C
200 g/l
A

30 gll

200 g/l
C

A

30 g/l
C

~

1.62
2.19
2.23

- 1.44
-1.375
- 1.45

+ 1%

1.64

- 1.25

Ta
+I%T

1.475

a
+ 1YON

I .40
1.83

- 1.14
- 1.155
- 1.281

1.42

- 1.098

1.88

- 1.308

1.83

- 1.28

I.66

- 1.371

Different
samples,
all nominally
Ti,O,
Nomi
nal
Ti,O,

b
+I%N
b
+I%F
e
+I%
W
+I%

W
+I%
Mo
Magnetite
Graphite
Silicon iron
Pb+ I,O, on Ti
Platinum
I
electroplate on j
Ti
Stainless steel

2.6

I .4l

2.11
2.575
2.12
2.87
2.25
1.825

- 1350
- 1.240
- 1.345
- 1.22
- 1.55

1.695
2.125
2.20

- 1.35
- 1.345
- 1.371

- 1.22

I .42

- 1.085

1.640
2.30
2.25
2.87
2. I50
1.595

I.73

- 1.13

1.37

- 1.135

1.590

- 1.00
- 1.334
- 1.028
- 1.104

1.605

- 1.155

1.23

- 1.195

1.565

- 1.181

I .99

- 1.225

1.42

- 1.080

1.500

1.625

-1.085

I .24

- 1.352

1.72

- 1.039
- 1.175

1.330

2.12

1.615

- 1.039
- 1.037
- 1.220

2.00

- 1.300

1.60

- 1.252

2.02

- 1.234

1.985

- 1.350

1.865

- 1.229

2.015

- 1.180

1.380
1.102
0.66
1.040
1.070

- 1.054

1.450
1.170
1.232
1.090
1.156

1.71
1.125

- 1.249

- 0.89

I .33

- 1.155
1.08

- 1.265

- 1.152

- 1.198

- 1.162
- 1.221

- 1.119

ELECTRICAL CONNECTION TO MONOLITHIC
Ti,O,

Initial thinking on how to make electrical connection to monolithic Ti,O, treated
the material as if it were metallic and therefore assumed that it should be electrically
connected in the same way as for metals. If the material could be made non porous,
this approach might well be fruitful.
Accepting that, for the present at least, commercially available material will
continue to be porous, a logical approach, previously mentioned, might be to porefill, nickel electroplate and solder. In practice it has shown that such a procedure is
less than satisfactory, as noted on page 28.
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A better analogy in addressing the electrical connection problem, is with
graphite and the techniques developed for making electrical connection to this
material are essentially mechanical. Some of these are sketched in Figs. 2-28,
2-29, and though not exactly elegant in their conception, to date at least, these are
proving both practical and sound.
Titanium wire twisted tight

Ti4 0 7 rod

I K

-

I

t

Area covered
with shrinkfit

-

111

~

\ T itanium wire
sheathed

Neither absolutely /
necessary

Can be sheathed / shrinkfit

“I
111
111
111
Multi connections to long thin rods

1

Titanium wire
threaded
through holes

Connection to a tube
Titanium wire bent to give springy
fit inside Ti4 0 7 tube

Titanium wire twisted
around tabs

Titanium clips formed
by pressing from sheet

Fig. 2-28. Methods of making mechanical electrical connection to
porous monolithic Ti,O, ceramic electrodes.
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Backplate
Holes for bolting
backplate onto cell body

Section

<
-y''//'/
Titaniun wire

/

i

Ti4 0 7

/'I/

Titanium wire welded
to titanium strips, in turn
attached to rods sealed
into the backplate.

Fig. 2-29. Suggested method of incorporating porous monolithic Ti,O,
electrodes into electrochemical cells.

2.7

HAN DLING/MACH INING

Hydrogen reduced TiO, is a brittle ceramic, but still much easier to handle than,
for example, glass, no doubt in part because of the multiple internal defects. Such
porous material is readily cut with a diamond saw, using water sparingly as a
lubricant and coolant. Material can be drilled with diamond or silicon carbide
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drills, preferably at low speed and again using water sparingly. Monolithic Ti,O,
can safely be vaqua blast cleaned provided some background mechanical support
is provided in the case of thin plate or tile. The material can be ground and
polished for metallographic examination. The polished finish is an attractive black
that might well find application in such fields as jewellery.

CHAPTER 3

3. Applications - I

When a new material becomes available, countless potential applications come to
mind for its commercial exploitation. Manifestly, success or failure in a particular
application depends upon the availability of the material in appropriate form.
Many such early trials of “Ebonex” would now be well worth re-visiting, not only
because the quality of the material has so greatly improved, but equally, because
there is now a far better apppreciation of its properties and behaviour. There is
little doubt that many new areas of application will be opened up, as non-porous
forms become available.

3.1 ZINC ELECTROWINNING
As described in the introduction, there was a time when it seemed commercially
viable to replace the massive lead-silver anodes used in electrowinning with a
titanium-based product. One reason in particular, was the escalating price of
silver, making it an attractive proposition to recover value latent in the silver
content of the lead 1-2% silver anodes to set against the higher cost of titanium
based anodes. As development of alternate anodes proceeded, the rising price of
silver was exposed as fraudulent ....the notorious attempt by Nelson Bunker Hunt
to corner the world silver market. With the subsequent collapse in the price of
silver, (and decades later, the price has never remotely approached its peak at that
time) so the financial case for titanium-based electrodes has been devastated. The
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issue is compounded because recently developed lead alloys with lower silver
content are now additional contenders for this market.
Nevertheless, the development work at the time brought its own benefits as
“spin-off In the case of zinc, the electrolyte is a fairly strong sulphuric acid and
usually also contains a few tens of ppm of hydrofluoric acid. This seemed an ideal
opportunity to try to exploit monolithic Ti,O, as a substrate because of its superior
corrosion resistance to titanium. So began considerations as to how a ceramic
could be incorporated into large area electrode construction.

v
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Fig. 3- 1. Designs for use of noble metal/oxide coated monolithic Ti,O, electrode
material in large anode structures such as used in metal electrowinning.
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Electrolytic testing of Ti,O, coated with a Pt + IrO, electrocatalyst in simulated
zinc winning liquor (165g/l sulphuric acid + 115 ppm C1- + 5ppm F- at 35°C)
revealed that the ceramic was indeed adequately durable and corrosion resistant,
with testing up to a year before the project was abruptly curtailed. Possible designs
for anode constructions are shown in Fig. 3-1. To reap the benefit of the lower
overpotential characteristics of noble metal/oxide coatings, it was first necessary
to remove the manganese ions, which would otherwise deposit onto the anodes as
manganese dioxide, thereby obscuring the low overpotential noble metal/oxide
surfaces. Indeed, it is by just such a deposition process that MnO, is industrially
manufactured.
It was always recognised that even in the absence of manganese in solution, the
IrO, anode surface would, in due course passivate, as the stoichiometric composition
was reached, thereby raising the oxygen overpotential. The ceramic-based anode
could be easily returned for recoating/reactivation and used again, as is normal
practice in chlor-alkali plants. Such systems were pilot tested but did not reach
plant-scale trials.

3.2

SWIMMING POOL ELECTROCHORINATORS

This is no trivial market, with the number of swimming pools constantly increasing
and with a potential market requirement for tens of thousands of units. While each
unit is required to produce quite small quantities of hypochlorite, compared with
output from large commercial installations, nevertheless the technical problems
associated with such small units have been formidable. For small-scale,domestically
supervised units, it is unrealistic to expect owners to monitor, much less control,
critical parameters such as water hardness or chloride concentration, or other
water-quality related factors. The much reduced cost of electronic control circuitry
offers the potential to automate the operation of such cells and make them more
tolerant of abuse. The market demands trouble-free units which will operate over
at least 4 to 5 or more seasons, and certainly not just one or two. As is so often the
case, the goal-posts posed by competing technologies are not static, and chemical,
chlorine-free, pool sterilisation technology has itself advanced.
A major problem with all electrochlorinators utilising natural waters is
formation of hardness scale on cathodes. Such deposits can build to such an
extent as to restrict electrolytic flow, and may even bridge to an adjacent anode
and by electrical shorting cause damage to it. Going back almost 50 years, when
platinum electroplated titanium was first being used in swimming pool
electrochlorinators, principally in Australia, the practical answer to scale was
periodic current reversal, say every hour or up to a day. The concept, which
practically was very effective, leads, in the case of platinum, to enhanced
dissolution and shortening of electrode life.
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Another problem, less acute than cathodic scale formation, was cathodic
corrosion of titanium which leads to thick film formation of titanium hydride.
Occupying a greater volume than the titanium from which it is formed, thick
hydride deposits cause warping of electrodes that can cause interference to
electrolyte flow.
There followed a period when pools were in many cases, plastic lined and soft
water was used. This avoided problems of scale formation due to water hardness,
whether the latter was due to calcium or magnesium salts in the water supply, or
species leaching out of the concrete, previously used in pool construction. Thus it
seemed that the problem of scale formation had largely disappeared and the need
for periodic current reversal with it. During this phase most platinum electroplate
coatings were replaced by a mixed metal oxide (MMO). But still a large and
increasing demand persisted for units capable of coping with cathode scale
formation. Much ingenuity was shown in devising means for avoiding the necessity
for current reversal, including mathematicallydesigned fast flow systems, turbulence
promoters, but although there have been literally hundreds of patents describing
such ideas, nothing has so far emerged as more effective than current reversal.
However there is no knowing what the future holds here. Electric kettles with
“non-scaling” heater elements have been on sale for some years now, based on at
least two different technological approaches. Meanwhile, the popular press and
trade journals are flooded with advertisements and “advertorial” for scale inhibitors
based on application of magnetic or pulsed electric fields. Opinion is divided
between “experts” who state than such methods cannot, and indeed do not work,
and those who have experience of them and find otherwise.
With the availability of monolithic Ti,O,, there seemed an immediate case for
replacing titanium based electrodes in units operating with current reversal. Since
Ti,O, does not cathodically hydride like titanium metal, the major objection to
current reversal disappeared, and would indeed the material need to be coated
with a noble metalloxide type electrocatalyst in order to function as an anode?
A first step was to demonstrate in the laboratory that monolithic Ti407electrodes
would work under a current reversal regime. Pairs of strip electrodes were
polarised in brine, diluted to the levels normally used in swimming pools, with
periodic current reversal. It was found from accumulated information, (see
Fig. 3-2), that the material may be operable as an uncoated anode at current
densities up to 100A/m2 .On the basis of such information, various types of
experiment were initiated. In the one case, (see Fig. 3-3), two simple bipolar cells
were constructed and fed with dilute brine to which had been added hardness salts.
One cell was operated under dc condition, and the other with hourly current
reversal. It was evident that current reversal was effective in dissolving cathodically
deposited scale. In another trial, (see Fig. 3-4), a bipolar construction was assembled
with plates set in resin. With plates of size 5cm X 5 cm, un-coated, and with
hourly current reversal, the cell operated over many months. Hypochlorite was
formed, though current efficiency was not high. An explanation for this is probably
linked to the low current density employed. It appears to be that case on all known
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anode materials that chlorine evolution overpotential is less that than that for
oxygen evolution. However the extent to which this is true, depends very much on
the electrocataly st (coating) in question, where some coatings are more “selective”
in the extent to which they favour chlorine evolution than others. Table 2-11
illustrates this.
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Fig. 3-2. Behaviour of monolithic Ti,O, electrodes operated in 3% brine
at ambient temperature and with half hourly current reversals.

TABLE 3-1
Comparative Impressed Current Anode Current Densities
Material

Application

Magnetite, Fe,O,
Graphite

Seawater
Seawater
Freshwater
Backfill
Mud
Seawater
Freshwater
Seawater
Seawater
Backfi 11
Seawater
Backfi 1I
Seawater
Seawater

High silicon iron
Lead
PI at i nu m
Plated Titanium
Mixed oxides
Ti,O,
Precious rnetal/MMO coated

Recommended
Current Densities A/m2
Current Densities A/m2
30-190
10
3+4
10, often << 10

+

10
10
10
500 +

50+ 100
500 +

100
10
100 -+500
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Fig. 3-3. Uncoated porous monolithic Ti,O, electrode assemblies (not
pairs) operated in 3% brine with added hardness salts. Left hand set:
continuous current over 100 hours; right hand set: half hourly current
reversal over 1500 hours.

As possible large-scale commercialisation of monolithic Ti,O, in these
electrochlorinators was being considered, the conclusion was reached that it
would not be viable to do so, unless units could be operated at the similar current
densities to those used with coated titanium electrodes, thus achieving comparable
current efficiency. This necessitated the Ti,O, being coated with established noble
metal/oxide containing electrocatalyst. The problems associated with application
of durable and efficient coatings have already been described. A further point
should also be made here. As described above, Ti,O, exhibits electrocatalytic
behaviour in its own right. However it is nowhere near as good an electrocatalyst
as the MMO and other precious metalloxide coated surfaces. Because Ti,O,
remains a relatively high cost substrate (more expensive at present than the parent
metal itself), there is an economic incentive to maximise the “productivity” of the
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material, that is to say the current flow per unit weight or unit volume. If
application of a MMO or similar coating increases by ten-fold, the useable current
for an anode of a given size, it may be economically advantageous to use such a
coating. The truth of this applies, of course, not only to small electrochlorinators
but to most devices using the material.

urce and
device

Fig. 3-4. Bipolar cell using 50mm x 50m uncoated porous Ti,O,
electrodes. Plates held in position with cast resin. Mechanical connection
of titanium wire to monopoles. Cell operated at 1 amp. Half hourly
current reversal in 3% brine plus hardness salts over many months.
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However what ultimately proved the most troublesome aspect of the system, causing
the overall concept to falter was the difficulty in making sound, long-life electrical
connections to the monopoles . In the favoured cell design the monopoles had tabs
outside electrolyte to which electrical connection was made by pore filling, nickel
electrodeposition and soldering. How infuriating to consider, as described below,
that simply winding titanium wire around the tabs, or threading wire through holes in
these, would almost certainly have allowed the project to go forward.
In view of the above experience, there was an understandable reluctance for a
long time to re-consider the use of monolithic Ti407electrodes in reversing swimming
pool electrochlorinators. At this time, a quantity of tiles became available that had
been heavily coated both sides with what is known as a Beer I1 coating consisting of
30/70 wt/wt Ru02/Ti02. Not only were internal pores filled, but significant
electrocatalyst had built up on the outer surfaces. Also conveniently available, were
several empty plastic cell casings as used by an Australian manufacturer. (Monarch
Industries). Using the coated Ti40, tiles, several cells was constructed, each
incorporating several bipoles. In the first instance, electrical connection to the back
of the monopoles was made by copper electrodeposition followed by soldering, (see
Fig.s 3-5, 3-6, and 3-7). In later versions, a number of holes were drilled into the
monopoles and electrical connection made simply by threading through titanium
wire. Units were sent to South Africa and put into service in a near identical manner
to that used for units incorporating titanium metal-based electrodes. Such units
continue to function, those with soldered connections now in their 6th seasons, and
those with titanium wire connection, and electrolytes at both the back as well as the
front of monopoles, are in their 4thseason. The experience may not necessarily prove
the commercial viability of monolithic Ti,O, in this application, but certainly
testifies to the technical success of the two methods of electrical connection.

Fig. 3-5. Electrical connection to RuO,.TiO, coated monolithic Ti,O,
plates by first copper plating followed by soft soldering.

3. APPLICATIONS - I

Fig. 3-6. RuO,.TiO, coated monolithic Ti,O, electrodes positioned in a
commercial swimming pool electrochlorination cell body.

Fig. 3-7. Commercial swimming pool electrochlorinator cell body fitted
with RuO,,TiO, coated monolithic Ti,O, plates in bipolar mode. (cell
casing courtesy of Monarch Industries, Australia).
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An early problem with large scale electrochlorinators passing seawater or made up
brine, was not just scale but also hydriding of the titanium cathode and subsequent
electrode destruction caused by this. In one design of cell, massive block titanium
electrodes were introduced to minimise the destruction problem. Monolithic Ti,O,
does not hydride (see Table 3-2) (Recall that the material is mostly made by
hydrogen reduction) and should not therefore destruct like titanium. However, this
attribute cannot be harnessed until non-porous material becomes commercially
available, otherwise hydrogen would rapidly diffuse through such pores, reaching
the coating on the anode side. As so often happens in an instance like this, the
industry using titanium metal electrodes has sought to overcome hydride-induced
deterioration problems in filter press-type bipolar designs by shifting to multimonopolar designs where a cathode of some material other than titanium is
employed to avoid hydriding problems.

TABLE 3-2
Hydrogen uptake of Various Materials After a
Period of Cathodic Polarisation
Materials were made cathodic in 165 g/l H,SO, + 115 ppm C1-+ 5 ppm F- at 35°C
at a current density of 500 Nm2.Analysis for total hydrogen after two weeks was
as follows:-

Sample

PPm
hydrogen

ppm hydrogen
in non polarised blanks

Titan i urn
Ti,O
Ti0
Ti,O,

1880

5
50
5
10

1430
73
64

3.3 CATHODIC PROTECTION
Listed in Table 3-1 are some of the anode materials available to the cathodic
protection engineer, with monolithic Ti,O, for comparison. Why consider Ti,O,?.
Whereas carbon/graphite will slowly be consumed under conditions of oxygen
evolution, Ti,O, should be more stable. The ceramic is more corrosion resistant
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than titanium in acids, eg the local acidity around anodes in mud or other
deposit, and being close to the TiO, phase boundary does not suffer low voltage
anodic breakdown corrosion.
First tests of monolithic Ti,O, in seawater at a coastal seawater testing
laboratory in the UK (Brixham) were far from encouraging. It became apparent
after some considerable time that the reason for such poor initial results, as
mentioned earlier stemmed from the use of organic infillants.
Despite the bad start, there seemed opportunity for trial of monolithic Ti,O,
in ground beds, and in particular the slim canister variety. The objective was to
overcome some of the problem earlier associated with use of co-extruded
platinum coated copper cored titanium wire. The ground bed is essentially a
finely divided graphite to which electrical connection is made via a feeder wire.
The feeder must be appropriately corrosion resistant, and while not of necessity
an electrode in its own right, should preferably be so lest surrounding carbon is
consumed or loses electrical contact with the feeder. For products using Ti,O,,
rod was first made by extrusion into TiO, and later hydrogen reduced to Ti,O,
(size: 5mm OD X 760 mm long) Electrical connection was made to one end
only by localised pore filling, nickel electroplating and soldering. Many thousands
of slim canister ground beds (25 mm OD) are in operation, largely in connection
with the cathodic protection of underground petroleum storage vessels.
For the future, it would seem more practical to make electrical connection to
several parts of the rod by simply wrapping titanium wire around and sealing
with heat shrinkable tubing. Not only would this give better electrical connection
along the rod, but in case of fracture, electrical conduction would be maintained.
Using mechanical connection via titanium wire, a range of additional
applications for monolithic Ti,O, are possible, including its use in mud, tank
bases etc.

3.3.1

Cathodic Protection of Rebars in Concrete

As background, the somewhat alarming discovery was made, in or around the
1970’s, that much post World War I1 reinforced concrete was suffering from
corrosion of the embedded mild steel rebars (“rebar” is a widely-used abbreviation
for “reinforcing bar”) mainly due to salt migration from roadways but also from
atmospheric pollution. Short of sometimes extensive repairs, or even replacement
(both of which required that much of the concrete mass be broken up), what could
be done to stem further ongoing corrosion? The Federal Bureau of Highways in
Washington gave an important lead, much against the wishes of the civil engineering
lobby, with their verdict that impressed current cathodic protection offered the
best chance of arresting further deterioration. The recommendation opened the
floodgate to a range of methods for implementing cathodic protection (often
referred to as “C.P”). One of the earliest and cheapest methods was to apply to the
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outside of the structure, a carbon loaded, electrically conducting paint which was
then made anodic with respect to rebar. Such a technique is still used, but a
consideration is that projected life time of the method, perhaps 5 to 10 years or
more, is not as long as can be obtained using some of the alternative methods. The
most widely used of the projected longer life methods is the use of electrocatalyst
coated titanium chicken wire type mesh strip. Laid over the outer surface of the
concrete, electrochemical connection to the base structure is made by overlaying
the mesh with a cementitious coating, which also acts to keep the mesh physically
in place and protect it from mechanical wear. Such repair mechanisms have
projected life times of 20 years or more.
Against this background, it might not seem necessary to search for further
alternative techniques, but in a situation where a range of patents protect many of
these methods (though many of these will soon expire), questions of cost and
meeting new requirements, many other techniques have been devised. Could
monolithic Ti,O, play a role in any of these techniques? It was recognised that use
of carbon and graphite would mean slow consumption should the anode evolve
oxygen, since under anodic conditions, these species break down electrochemically
(to form carbon dioxide) and also mechanically. Would Ti,O, in particulate form
offer any advantages as a pigment loading in electrically conducting paints.?
With the assistance of a paint manufacturer, a quantity of proprietary paint as
used in the CP of rebar in concrete was procured and analysed to determine the
dispersion system. Rather surprisingly the pigment contained a small quantity of
slate as well as graphite, presumably added to decrease costs. To ensure meaningful
comparisons, all paints made up with Ti,O, used, as far as possible, the same
formulation.
A control was made up using graphite and found to exhibit similar electrical
conductivity to that of the commercial product. Next a quantity of Ti,O, powder
was obtained via hydrogen reduction of TiO, starting material. The particle size
proved far too coarse, so heavy milling was carried out to create a particle size
distribution comparable to that of the graphite in the proprietary paint. Results
obtained on testing the various paints, (see Table 3-3), suggest that paint made up
using Ti,O, is very significantly less electrically conducting than proprietary
graphite loaded paint. As is so often the case in industrial development work, it
was not possible to examine this issue in a way that would allow an unequivocal
conclusion to be drawn. Thus heavy milling could result in heating of the powders,
and thereby accelerate a re-oxidation of fine particles which in any case have a
very high surface area:mass ratio. Paint made up with Ti,O,, in this way, while
rejected at the time for use in the CP of rebars, might nevertheless find application
as an antistatic coating, priming of plastics prior to electrodeposition and similar
applications. In view of the close similarity of electrical resistively values for bulk
graphite and Ti,O, the disparity between the two types of pigmented paint seems
all the more surprising. Compacted Ti,O, particles, (see Fig. 2-9), exhibit electrical
properties similar to those characteristic of monolithic Ti,O,. It might be that the
action of crushing disrupts the insulating high oxidation state surface films,
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presumably of TiO,, and these, deprived of adequate access to oxygen, acquire a
degree of electrical conductivity characteristic of the suboxide.
TABLE 3-3
Ti,O, Powder Versus Graphite in the Manufacture
of Electrically Conducting Paints
~~

~

~~

A commercial electrically conducting paint was analysed. The PVC content
(pigment by volume) was high at - 60% (cf. 20% for household paints).

-

Because of the high pigment content, the resin content was low meaning a ‘matt’
as opposed to ‘gloss’ finish. 20% of the pigment content was ‘slate’ dust rather
than carbon.

A similar paint was made up to that obtained commercially, adding carbon and
slate dust.
A third paint was made up using Ti,O, powder, particle size passing through a 100
m size mesh, using the same vehicle and PVC content as the commercial paint.
Relative resistance measurements were:Commercial paint
Simulated commercial paint
Ti,O, based paint
~~

~

2000 R
1700 R
5,000,000 R

similar within
experimental error
i.e. X 2500 more resistive.

~~

Preparations were made by a paint manufacturer. While Ti,O, particle and grain
size might still be variables for investigation, chemical activation of the surface
layers of the Ti,O,, different residdispersion systems, the indications are that
Ti,O, will not easily be made into the basis for an electrically conducting paint.

As with so many proposed use of any new material, in the case of monolithic
Ti,O,, it has to compete against established materials in seeking new applications.
A further opportunity for possible use of monolithic Ti,O, came when, in the UK,
the Department of Transport became more interested in the possibilities of impressed
current cathode protection of motorway bridges. Despite the considerable
experience of this technology, already gained in other parts of the world, the
British Ministry of Transport (as it was), were anxious to obtain first-hand
experience under UK conditions. A comparative trial of several techniques was
therefore set up at the Midlands Motorway Link at Gravelly Hill (Spaghetti
Junction). Proposals were invited, with close questioning as to how proposed
techniques would address any problems of local acidity generation around anodes,
and the mode of release of electrochemically generated gas. The test location was
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conveniently close to the laboratory where the monolithic Ti,O,, was produced,
and it was proposed to insert porous tubes at approx. 250mm intervals on all sides
of a cross beam supporting the motorway, (see Fig. 3-8). It was felt that the
electrochemical activity of uncoated Ti,O, would be adequate for the purpose,
with electrical connection between tubes using titanium wire. It was argued that
normal rainfall would dilute any acidity forming on the Ti,O,/concrete interface,
and of course allow ready release of any anodically generated gases. A further
suggestion was that drainage from the roadway above, be allowed to trickle over
the inset tubes to dilute any anodically generated acidity.
Reinforced concrete
structure

tube

wire
Fig. 3-8. Initial design, subsequently rejected, for inserting porous
monolithic Ti,O, tubes as point anodes in the cathodic protection of mild
steel rebars in reinforced concrete.

This proposal was not accepted by the authorities. A principal objection was that the
cover on the cross beams was variable and in some locations so thin, that drilling holes
could expose the rebars. Furthermore, there was a fear of drilling so many holes,
2000 per cross beam, that the structure would be weakened. In a modified proposal,
which was accepted, monolithic Ti,O, tiles, each 5cm X 5cm X
3mm were
cemented to the surface, at 250mm intervals, electrically connected by a 2cm wide
titanium strip, (see Fig. 3-9). The tiles were uncoated and highly porous to aid dilution
of anodically generated acidity (see Figs. 3-10 and 3-1 1). The current necessary for
protection of a single cross beam was 2 amps. Between concept and application there
was stringent laboratory testing of all aspects of the installation, including repeated
freezehaw trials of Ti,O, tiles saturated with water. These showed no indication of
physical break-up of the material due to the well-known expansion of ice on thawing.
The method used is illustrated in a photograph (Fig. 3-12).

-

-

-
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50mm x 50mm

Fig. 3-9. An accepted design for attaching porous monolithic Ti,O, tiles to
reinforced concrete as part of a cathodic protection system to arrest rebar corrosion.
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Fig. 3-10. Weight variation of nominal 50mm X 50mm monolithic Ti,O,
ceramic tiles first made in quantity for use in the cathodic protection of
rebar in reinforced concrete.
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Fig. 3-1 1. Density variation, and thus inferred porosity, for monolithic
Ti,O, electrodes first made in bulk from two manufacturers for use in the
cathodic protection of rebars in reinforced concrete.

In this saga of the commercial exploitation of monolithic Ti40,, the trial did not
work as satisfactorily as anticipated. But the system was maintained under
polarisation for over 5 years, during which there was no loss of adhesion of tiles
nor any obvious physical damage. At best the system allowed passage of up to
two-thirds the design current rating. The weakness lay in thinking that the cross
beam would be substantially rain irrigated. In practice, the cross beam was largely
sheltered by the roadway, with only the ends of the cross beam protruding on
either side of the roadway receiving rain. Furthermore, the cross beam was totally
exposed to the wind, which exerted a drying action. The problem was that not only
did the draughts dry out the porous Ti40,, but more significantly, the highly
porous Ti,O, drew moisture from the grout, thus greatly increasing its electrical
resistivity. Where surface tiles were rain-irrigated, current passed selectively, and
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evidence accumulated of acid attack on the underside of each tile. This is readily
observable as acid attack reveals and makes visible individual sand particles,
which can be white, yellow or red, depending on the source of sand. In this case,
the acid-attacked material showed pink coloration. (see Fig. 3- 12).

Fig. 3-12. Cathodic protection applied to a cross beam supporting a
motorway, using surface mounted, uncoated, porous monolithic Ti,O,
anodes.

In retrospect it may well be thought that all the problems associated with the above
quite large scale and much publicised test should have been foreseen, but
nevertheless valuable experience had been gained. The adverse public relations
aspect of the project made it unlikely that further opportunities of this kind would
be offered, but the concept based on the use of surface tiles in a situation where
concrete is constantly exposed to water, for example tidal washed bases of bridge
pillars in estuaries, would appear to be both technically viable as well as
commercially attractive.
In more recent years, a technique for CP of rebars in concrete has come to the
fore using so-called point anodes. Initially these were shunned by the industry as
impractical for application to large surface areas. But specific needs arose in
connection with application of CP to buildings and also to extend the throwing
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power and consequent protective action of CP to regions well below the surface,
especially in connection with joints. The point anode became popular especially
in Scandinavia. An early design of point anode was in effect a mini ground bed. A
hole would be drilled into the structure and filled with carbon or carbon containing
material, to which electrical connection was made by inserting a platinum
electroplated titanium rod of a few mm diameter. With time, not only has the
composition of the carbon electrocatalyst used in this manner been modified, but
the platinised rod has been replaced by a mixed metal oxide coated titanium wire.
More recently the carbon has been omitted altogether and the MMO coated
titanium wire or tube grouted directly into the structure.
With the obvious success of the point anode for certain types of repair to
reinforced concrete, and initially on a small scale, there was a resumption of the
evaluation of Ti,O, tubes set into concrete, mainly from the point of view of
assessing different methods of making electrical contact. In the initial designs,
such contact was merely a bent piece of titanium wire pushed securely down into
the tube. As an adjunct, the tube interior was filled with a proprietary ground bed
material, LorescoTMand tamped either end with silicone rubber as sealant. The
view at the time was that such a method might make better electrical contact along
the lengths of tubes varying from 5 to 10 cm in length. As the years of polarisation
elapsed, and affecting first those tubes operating at the highest current density, the
Loresco powder was observed to have been forced to the outer surface, pressured
by the internal gas generation, small though it might have seemed when expressed
on a daily basis. Also, the telltale pink colour showed there was acid attack
occurring to the concrete immediately adjacent to the Ti,O,. Further installations
omitted the Loresco, and put in its place a specific gas venting tube, at first a
drinking straw and then polythene tubing. What started as a project to study means
of making electrical connection to an anode, turned out to be one of studying gas
release and local acid attack. Evidence occurred to show that venting of gas also
released acid vapour, hence minimising internal acid attack. All methods of
making electrical connection, including melted lead, were found practicable.
Latterly, connection was simply made by twisting a piece of titanium wire around
the centre of the tube and covering with a short length of shrinkfit, and this also is
proving practically adequate. The monolithic Ti,O, tested in concrete at one
location has now been passing current satisfactorily for up to 6.5 years so far.
Given that uncoated monolithic Ti,O, tube was adequately passing current
after a number of years there seemed no reason why such items should not be used
commercially in competition with the other available materials and techniques.
Indeed now many tens of thousands of such point anodes are in service, and this
must therefore rank as one of the more important uses of Ti,O, to date.

CHAPTER 4

4. Applications - II

4.1

ELECTRODE BOILING

Early steam generating plant employed a principle known as electrode boiling.
AC current is applied between two electrodes at a high frequency sufficiently
high to prevent any Faradaic reaction from proceeding. Heat is generated by the
IR voltage drop between electrodes. Usually 50Hz AC is used but some much
higher frequency high current density systems have been developed for rapid
sterilisation of foodstuffs. A particular attraction of electrode boiling over and
above other methods is a safety factor. If the electrolyte boils dry, then no
further current passes and hence over- heating is avoided. Electrode boiling has
attraction for domestic appliances, and in one design, the electrodes did not face
one another, but were inlaid side by side, on the floor of the kettle.
Not all materials are resistant to electrode boiling. Surprisingly the noble
metal platinum succumbs to corrosion at 50Hz when used simply to boil water.
Monolithic Ti,O, behaves well under AC, possibly because the cathodic cycle is
helpful in preventing any tendency to anodic passivation. In connection with
electrode boiling, pairs of strip electrodes were used to boil water in a reflux
apparatus (see Fig. 4-1). The testing was continued over many months without
apparent deterioration of the electrodes.
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Water and Calgon
'( water softener)

Pair of uncoated Ti4 0 7 electrodes
Fig. 4-1. Laboratory test setup for prolonged AC heating of water using
uncoated monolithic Ti,O, electrodes.

The successfulexperiment described above, does not necessarily imply that monolithic
Ti,O, is a contender for commercial application, unless it is acceptable to use only
moderate current densities. Hence for possible application for instant water heating,
as might be required in cloak rooms, trains etc, where 3 phase may be necessary to
supply sufficiently rapid heating, (higher energy densities can be supplied by threephase than using single phase supplies, and three-phase is available on most railway
coaches). Under such very heavy current loading, miniaturised monolithic Ti,O,
electrodes may not be truly corrosion resistant. There would be no advantage over
titanium if the material required to be coated. The effectiveness of IR heating is
dependent upon solution conductivity which, as far as natural waters are concerned,
varies widely across the country, as does its hardness so that scale formation too, can
be a problem with this technology. It is worth noting that a very substantial R&D
effort into the design of such instant hot water boilers was made, with a succession of
cushion-shaped electrodes. In such units, superheating occurs, and this can affect the
chemistry and morphology of scale deposits which form.
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ELECTRO OSMOTIC DAMP PROOFING

Few, if any, of the many techniques proposed to avoid rising damp are free from
controversy, indeed the very phenomenon of rising damp itself remains
controversial. This is as true of so-called “Electro-Osmotic Damp-Proofing” as it
is of some other methods, such as Knapen Tubes. This or similar names, which
imply the nature of the mechanism by which the method is claimed to work, were
and perhaps still are, registered Trade Names. Electro-osmotic damp proofing is
installed in buildings by drilling into the brickwork and inserting the individual
anodes at regular intervals, above ground level. Each assembly embodies numerous
anodes. The units are connected in series, and a current is passed between them
and a cathode placed on the outside of the building. The theory is that, by electroosmosis, water will migrate outwards from the (internal) anode to the (external)
cathode, ( Fig. 4-2.) thereby driving moisture from the walls to the ground outside.

Fig. 4-2. Electro Osmotic damp proofing of walls using uncoated,
monolithic Ti,O, ceramic electrodes grouted into brickwork.
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As noted, most methods of damp-proofing are to some extent controversial, and
electro-osmotic damp-proofing is no exception. The author is in no position either
to express an opinion as to the comparative merits of the various methods, or
indeed how efficacious any particular method might be. Iinjection of polymers
and silicone treatments all have their protagonists. It has been argued that repairs
to brickwork, plasteringh-endering which usually accompany the installation of
such devices, are probably more effective than any electro osmosis effect taking
place under electrochemical polarisation. Be it as it may, in the UK at least, there
are thousands of applications of the method to many types of building. Initially the
anode used was a form of ‘skip’ plated platinum electroplated titanium wire i.e
plated at intervals rather than uniformly. Where the wire was platinised it would
be bent into a hair pin and then grouted into holes at appropriately spaced
intervals, the titanium wire acting as the electrical supply to the platinised packs.
In more recent years, platinised wire continues to be used, but is now cut from a
reel and titanium circuitry completed by portable spot welding to a titanium wire
ring main.
In theory lengths of monolithic Ti,O, rod should be entirely satisfactory,
electrical connection made by tightening titanium wire around prior to grouting
into structure.

4.3

CHLORINE AND CHLORATE ELECTROLYSIS

Plant design associated with these important industrial electrochemical processes
has continued to evolve, with one important change being the replacement of
massive graphite anodes with noble/metal metal oxide-coated titanium anodes.
Such electrodes are ideal in those technologies involving monopolar and multi
finger monopolar designs. There has, however, always been a desire by some for
more compact units based on filter press type bipolar construction. This raises a
problem with titanium as cathodically generated hydrogen, especially at the
elevated temperatures at which most chlorine and chlorate cells operate, will not
only react with titanium to form a hydride at the surface, but also diffuse into the
bulk titanium. A volume change results, eventually leading to shedding of the
anode coating. For this reason, various types of hydrogen barrier have been
conceived and tested, interposed between the coated titanium anode and the
titanium cathode. (In most cell designs, such a barrier would also have to be
electrically conductive). However the concept appears not to have been used so
far on an industrial scale. Monolithic Ti,O,, size factor apart, provided it were
non-porous, should allow the making of a stable bipolar electrode.
In the absence of commercially-available, dense, Ti407,porous material was
variously coated with noble metal/anode electrocatalyst and tested in bipolar
mode using equipment as sketched in Fig. 4-3. The electrolyte passing through the
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cell was saturated chlorinated brine at 95°C. Electrode pairs in the bipolar
construction operated normally until a brine seepage occurred through the edges
of the sample, indicating that even with coating it had not been possible to prevent
some leakage paths occurring. The experiments nevertheless demonstrated that
given availability of fully dense Ti,O,, then the diaphragm type chlorine cell
construction is in theory a possibility.

Saturated brine at 95 O c

40mm x 40mm x 5m
Varying pore fillings

+ ve-

Platinum /
electroplated
titanium

/I
t

II
t

Seals

Return electrolyte to reservoir
and recirculationsystem

Fig. 4-3. Laboratory evaluation of variously coated monolithic Ti,O,
ceramic bipoles under chlor-alkali electrolysis conditions.

A golden opportunity for monolithic Ti,O, in chlorate technology might have
occurred had material been available a decade or more earlier. This is because
plants existed with filter press type bipolar technology constructed from massive
walls of graphite. With slight inefficiency in the chlorate process, and some
oxygen evolved at the anode, the graphite suffered rapid wear. Plates of monolithic
Ti,O,, noble metal oxide coated on the anode side, would have seemed an ideal
replacement for the graphite. However, once the technology involving graphite
had been replaced by the multi-finger monopolar technology using coated titanium,
the high voltage rectifier systems needed for bipolar technology were discarded
and hence the opportunity was lost.
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HYDROCHLORIC ACID ELECTROLYSIS

With seemingly almost complete corrosion resistance towards hydrochloric
acid, even when fully concentrated, Ti,O, might seem the ideal material for
anode substrates in this process. In practice, however, the process itself has
lost importance in recent decades. The manufacture of chlorine by electrolysis
of hydrochloric acid should be viewed as two quite separate markets. On the
one hand, there is the large-plant market. Chemical manufacturers, usually
with conventional chlor-alkali plants, use the chlorine on-site for chlorination
of organics which can produce large quantities of HC1 as an unwanted byproduct. This would be fed to an electrolysis plant which produced chlorine
and hydrogen, both were utilised on-site or pressurised, for external sale. In
the UK, the process was not operated, or certainly not after the 1940’s and
ICI’s Mond Division found alternative uses for the HC1. More recently, new
chlorination reactions have been used, in which HCl is no longer formed as a
by-product.
The second market is based on small-scale electrolysers for local generation
of chlorine, to be used for swimming pool chlorination, or perhaps in power
stations and other small-to-medium users of the gas. Electrolytic cells for HC1
electrolysis are attractive in their simplicity. Unlike their brine electrolysis
counterparts, they need no diaphragm or membrane. Significantly lower cell
voltages mean that the energy costs per tonne of chlorine are two-thirds that
required using brine-derived chlorine, or perhaps even less. The only serious
problem with the classical electrolysers was the very high rate of graphite
anode wear, which the new material overcomes. Against this, storage of
aqueous HCl was, if not problematic, at least inconvenient.
It was calculated at one stage that a small electrolyser, capable of
decomposing some 20 to 30 litres of concentrated hydrochloric acid would
make all the chlorine necessary to treat a domestic swimming pool for a
season. But there are risks in keeping so much acid, of the possibility of an
accidental chlorine leak, and also in disposal of the hydrogen generated, and
as far as is known, the concept has never been translated into hardware.

4.5

ELECTROLYTIC STERlLlSATlON OF WATER

At one period, consideration was given to the use of monolithic Ti,O, anodes
in cells to sterilise water, and in particular, to destroy e-coli bacteria. It was
held that destruction occurred by electrocution rather than electrochemical
oxidation, but it was difficult to prove, since small concentrations of chloride
are usually present in mains water, forming either hypochlorous acid or
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hypochlorite on electrolysis, and the chemical oxidation action of these species
could not be discounted. In any case, the concept of “electrocution” when such
a simple life-form as a bacterium is involved, is in any case dubious. In cells
designed to carry out this process, electrolyte was passed over monolithic
Ti,O, having sharp corners, an optimum design being bars with a square crosssection. (see Fig. 4-4) This area of potential application could well merit
further investigation.

n

Water flow

t

Monopole
electrical
connection

Bipoles consisting of
square shaped bars
of monolithic Ti4 0 7

Fig. 4-4.Suggested design of cell to destroy e-coli bacteria in water
(Courtesy of Dr Frank Goodridge, University of Newcastle-On-Tyne).
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OTHER ELECTROCHEMICAL APPLICATIONS
FOR MONOLITHIC Ti,O,

There are numerous possible electrochemical technologies where monolithic
Ti,O, might find application. There were initially great expectations for the
material as an anode to promote redox reactions, the oxidation of anthraquinone,
where trivalent chromium is electrochemically oxidised to form chromic acid.
This reacts chemically with anthracene to form the quinone, and the resulting
Cr(II1) is recycled for re-oxidation. Known in the chemical industry as “indirect
oxidation”, the variable valency chromium compounds are known as the
“mediator”. The approach has been used for other industrial scale organic
oxidations, and proposed for many more. Nor is chromium the only mediating
species - cerium has found favour, and several other mediating species have
been proposed. What is important to understand, is that the electrochemical
reactions involved, are known as “redox” reactions and are in mechanistic
terms, among the simplest of all electrochemical reactions, in some cases
involving nothing more than the transfer of a single electron. The significance is
that, at least in theory, nothing more is required of an electrode to carry out such
a reaction, than that it be an electronic conductor which does not suffer chemical
attack in the electrolyte. Expressed another way, an electrode for a redox
reaction requires none of the electrocatalytic activity which is essential for
chlorine evolving electrodes. Once again, Ti,O, finds itself competing with lead
(alloy) anodes and possibly the biggest obstacle to date lies in difficulty in the
design and manufacture of large, flat sheet-form anodes. The design sketched in
Fig. 2-29 might well be the basis for long-lasting electrode but has never been
realised in practice.

4.7

MONOLITHIC Ti,O, IN LIGHTWEIGHT BATTERIES

This application has the potential to constitute the largest single future use of
monolithic Ti,O,. Battery technology, perhaps more than most other electrochemical
technologies, is a complex interaction of chemical and electrochemical processes,
manufacturing techniques and optimisation, where optimum cost and optimum
performance may not coincide. The design and construction of any battery type is
itself a complex matrix and the issue is compounded by recognising that numerous
different battery types, i.e based on different electrochemical couples, compete
with one another. Notwithstanding promising results from nickel-cadmium, sodiumsulphur and a number of other newer systems, the lead-acid battery system appears
to have an assured future for many years to come. Which is not to suggest that
there is no scope for further improvements in design and construction.
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Those who are familiar with the lead-acid battery will be aware of its
shortcomings. The active material (“paste”) is retained in small windows formed
in the cast lead “grid” which constitutes the actual battery plate (electrode). The
grid serves two purposes, firstly to mechanically retain the active material, and
secondly to act as electrical conductor, allowing charge to pass into or out of the
plates. The basic design has remained virtually unchanged for over a century.
Despite this, it remains true that lead is not among the best electrical conductors
(among the metals); it is a soft material and mechanically weak, even when alloyed
with antimony or other metals. And most crucially, it is a very heavy metal. Were
an alternative material to be found, in which any one of the above weaknesses was
mitigated, battery performance would immediately be transformed, in that the
power-weight ratio or energy density (two rather different Figures of merit) would
be increased. Such a substitution has one further huge attraction, in that it would
allow existing battery manufacturing plant and machinery to continue to be used.
In contrast to many examples cited above, this has the potential to be a “drop-in
replacement” which could be introduced at minimal cost.
There is, however, an even more drastic option in re-engineering the classic
lead-acid battery. As we know it today, a typical battery will be a case containing
six completely separate compartments. Each compartment constitutes a 2V cell,
and these are connected in series using lead interconnectors. There is no reason
why this configuration could not be re-created using a series of bipolar electrodes
(except for the first and last electrodes), and indeed such batteries have been
constructed. There are further weight savings (since the current no longer has to be
drawn from the entire length of a plate to the connector at the top, but can instead
flow normally to the plane of the plate). There are savings in size too, in that the
battery can effectively be “squashed up”.
Lead-acid batteries serve a range of markets. Most competitive, without doubt,
is the automotive market, where battery first-cost, as opposed to energy density
etc, is of prime, perhaps sole importance. In other applications, cost is less the
overriding issue, culminating with aerospace, where cost is almost irrelevant,
performance and reliability being the dominant parameters. The 120 volt batteries
used in aircraft are prime candidates for such development, using the ideas
described above
How might the properties of Ti,O, be harnessed in this technology ? One
obvious way to reduce weight in a lead acid battery is to decrease the weight of
individual plates. In theory a thin, impervious Ti,O, grid would seem ideal, being
capable of withstanding chemical attack from the concentrations of acid used. But
as has been described in preceding sections, dense thin plates of monolithic Ti,O,
are not yet commercially available, and might possibly be too fragile. One route
being pursued is to incorporate Ti,O, particles in a hot setting resin. To maintain
an adequate level of electrical conductivity, the particle loading must be high,
certainly above 60%.Thus the practical aim is to make such plates non permeable
to electrolyte seepage through their cross-section. Experimental batteries of this
type are already being evaluated in portable electric tools.
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Another possible use for Ti,O, in lead-acid batteries would be to include
particles of the material within the pastes used. In one sense, this would be
replacing material capable of accepting or delivering electrical charge, with an
inert substance. Against this, it would address an age-old problem which is that in
its discharged state, the active leadlead dioxide reverts to lead sulphate, which is
an insulator. A heavily sulphated battery accepts charge very slowly, which in
applications such as electric vehicles, is unacceptable. Incorporation of conductive
particles of Ti,O, could provide improved electrical conduction into the sulphated
pastes, and so allow accelerated charging. lo

CHAPTER 5

5. Is Ti,O, an Optimum Ceramic
Electrode Choice?
5.1 SOME GENERAL REFLECTIONS
Technology has moved on apace since the relatively limited applications initially
envisaged for non-porous Ti,O, as a possible electrode material. Just as there are
infinite variations in the metallurgical constitution of an alloy, so too does the
science and technology of ceramics offer countless variants on a given theme.
Innumerable solid state reactions are possible to allow formation of a host of
complex materials, including those whose metastable state might offer novel
properties and behaviour. Might some such materials be more electrically
conducting than Ti,O,, or, still more exciting, exhibit superior electrocatalytic
activity, or be cheaper? One can but speculate, but certainly, ceramics based on
titanates and zirconates are well-known and indeed electrically conducting. A
major attraction of Ti,O, that it can be produced from TiO,, a commodity
chemical readily available across the world.
The technology of Ti,O, manufacture will undoubtedly continue to evolve.
New methods of forming may well be considered. Could material be made directly
from the commonly occurring mineral ilmenite ? - probably not!. Might ammonia
or carbon monoxide reductions be preferable to hydrogen ? Might solid-state
reduction using carbon be a longer-term commercial option?
In an attempt to compare Ti,O, with other similar solids, some preliminary
experiments were carried out on titanium carbides and nitrides, both of which
were found to have poorer corrosion resistance in sulphuric acid. Compounds
exhibiting interesting electrochemical characteristics included TiSi, and ZrTiO,.
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(One might here mention that in the early days of fuel cell research, some of the
above compounds, and many others, were screened for possible use as electrode
materials. In addition, iron silicides have been used as anodes in CP applications).
In some of the fuel cell studies, it was concluded that the surface of titanium
carbides & nitrides degraded anodically to form TiO, layers on the surface.
It would be foolish in the extreme to suggest that no new electrically
conducting materials with excellent corrosion resistance, will not be discovered.
Interesting new materials will almost certainly be found. Such materials may
find immediate application - or they might languish for many years, until an
application is found. At the present time, however, it is fair to assert that in its
combination of properties, monolithic Ti,O, has no challengers. (see Tables 5- 1
and 5-2).

TABLE 5-1
Durability of Titanium Carbide and Nitride in 1 M Sulphuric Acid

1) Titanium carbide was pressed from commercial powder and used as an anode
in 1 M sulphuric acid at 100 A/m2 current density. After 30 minutes the
solution turned yellow, later deep yellow and later black. A peroxide test
revealed high titanium in solution. Evidently T i c dissolves readily.

2) A titanium nitride tile was pressed from commercial purity powder and used as
an anode in 1 M sulphuric acid at 100 A/m2 current density. After 5 hours the
solution was tested by peroxide and found to contain titanium ions. Evidently
TIN dissolves readily in sulphuric acid.

3) A nitrided monolithic Ti,O, tile was made anodic in 1 M sulphuric acid at 100
A/m2 current density. After 3 days the bronze coloured TiN surface layer had
disappeared, leaving the Ti,O, passing current.

5. IS TI,O,

AN OPTIMUM CERAMIC ELECTRODE CHOICE?

TABLE 5-2
Reaction between titanium, titania and monolithic
Ti,O, with nitrogen and ammonia

Nitrogen

a) Commercial purity titanium sheet heated in nitrogen at 1200°C
for 6 hours. Bronze coloured thin film of TIN formed; sheet
embrittled.
b) Nominally pure tile of TiO, heated for 5 hours at 1200°C. No
TIN formed. By X-ray diffraction still TiO,.
c) Monolithic Ti40, heated for 6 hours at 1200°C. No TIN formed.

Ammonia

d) Titanium Dioxide powder heated for 3 hrs at 850°C. X-ray
diffraction of darkened powder revealed TiO, + TiO/TiN.
Chemical determination showed 44% TIN.
e) Titanium dioxide powder heated 4 hrs at 1200°C. X-ray
diffraction of darkened powder revealed TIN + trace TiO, +
unidentified phase. Chemical determination showed 36% TIN.
f) Nominally pure tile of TiO, heated for 3 hrs at 1000°C. A
surface film of TIN formed. On grinding away, underlying
material still TiO,.

g) Monolithic Ti,O, heated for 6 hrs at 1000°C resulting in a
surface film of bronze coloured TIN.
[A Japanese patent claimed heating TiO, powder in anatase form in ammonia
resulted in a mixture of anatase (TiO,), rutile (TiO,) and TiO, with no mention of
TIN. The above results suggest significant nitride is formed.]
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5.2 COSTS AND PRICES
All new materials must, in the same way as other manufactured products, seek to
break out of the vicious circle where small production quantities imply high
prices because the various economies of scale cannot be harnessed. Inherently,
Ti,O, should not be an expensive material. It is manufactured from titania, of
which there is an abundance in the world’s crust, and more importantly, which
has for decades been a commodity product, used as a pigment in white paints, or
to whiten paper. The conversion from titania is not particularly energy intensive.
In the early days of the development in IMI, it was loosely predicted that once
production reached reasonable levels, the cost would be around half that of
titanium metal, a material with which it to some extent competes. At the time of
writing, this is certainly not true, and “Ebonex” costs substantially more than
titanium, whether the comparison is made on a weight basis, on a volume basis
or using any other criterion. The reason lies mainly in the batch production
methods at present used, and the costly equipment involved, e.g hot pressing.
The development of alternative fabrication methods remains a tantalising
possibility, perhaps using flame or plasma spraying, though such methods rarely
produce materials at close to their theoretical densities. One recent patent (89)
discloses such an approach.

CHAPTER 6

6. Conclusions and Epilogue

6.1

SUCCESSES AND FAILURES

Monolithic Ti,O, electrode material has certainly experienced a chequered
development history. A commercial product is now available whose production is
straightforward. Contrary to initial thinking, the most significant commercial
application to date has not been associated with electrochlorination or
electrowinning, but rather in different aspects of impressed current cathodic
protection. Despite the corrosion resistance of bulk Ti,O, in chloride solutions and
hydrochloric acid, no large scale application in chlor-alkali technology has yet
appeared. In spite of this, commercial applications for monolithic Ti,O, which
have been apparently dormant in the past 20 years do seem to be expanding. Each
new commercial success offers an opportunity to lower the price, and thus, in a
virtuous circle, attract even more potential uses.

6.2

EPILOGUE - A GATHERING OF MANY STRANDS

What has here been described, is an account of the development of a novel
material, in the setting of an industrial laboratory. Industry tends to follow quite
different paths from those likely to be followed in academic institutions. Industry
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goes to great lengths to ensure there is no prior art to cloud the issue, and will often
expend much effort in patent searching and in obtaining patent protection. With
the wisdom of hindsight, some of this effort might have been more wisely
expended in learning more of the science and technology relating to, or peripheral
to, the project.
In an era where computer databases make searching the literature a much
simpler task than it was in the past, the probability of stumbling by chance on a
new material might be expected to be small. In addition, and notwithstanding a
comment above, solid-state science has progressed rapidly, and in considering
perhaps 20 of the chemical elements as candidate building blocks, one is tempted
to believe that the chances of identifying a new material would seem remote. The
development of monolithic Ti,O, ceramic, and its use to make electrodes was the
result of ad-hoc experimentation, rather than design. A question one might put to a
solid state scientist might be “Could one have predicted that Ti,O, would possess
the properties it has ?” With the passage of time, and the greater accessibility of
scientific literature, the question has been asked “How novel is the concept of a
monolithic Ti,O, electrode?”
A publication from the Metal and Thermit Company in 1925, includes a
description of the heating of rutile and carbon to 1500 to 2000°C to convert rutile
into a dark blueish titanium suboxide. The development suggests the material will
find ready application in fields that include electricity, electrochemistry and
electrometallurgy, especially to form electrodes for use in situations where metallic
conductors are found wanting, but it would seem such material never became
commercial. A Foseco patent (86) concerned the use of such black oxide in the
Electro slag or welding purposes. The General Electric Company in 1957 claimed
conducting titanium oxide for cathode ray tubes as charge dissipating electrodes.
A Mitsubishi patent of 1970 described various processes for deposition of titanium
oxide films, for example by pyrolising in vacuo tetra-ethyl titanate, to form thin
dielectric films. At the time of their filing, none of the inventors of the abovementioned patents, and others of similar nature, had available to them the detailed
description of the titanium-oxygen system shown in Fig. 2- 1.
In around 1983, Mitsubishi Metal Corporation published information on a new
electroconductive,non-toxic, titanium oxide pigment called titanium black, claiming
tonnage quantities were being made each month. However the proposed use of this
material was never made clear.
A Polish worker, Borowiec, published an article” in 1983 i.e. after the initial
UK patent, on Ti,O, as an electrode. Apparently development work had been
proceeding in Poland in parallel with that in the UK.
Excimer laser printing of aircraft cables8 might seem totally irrelevant to the
present text, but it is clear that use of localised heating of TiO, pigment in cabling
to form a lower black oxide to give permanent labelling, involves broadly similar
chemistry.
In conclusion, it seems valid to suggest that the titanium-oxygen system has
been a rich lode, both for theoreticians and for those in Applied Science, notably
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in the physics and chemistry of ceramics. This account describes how, perhaps
against the odds, an electrically-conductive suboxide, with the potential to make a
commercial electrode material was developed. As is so often the case, the author
makes no attempt to conceal that an element of luck played a part in this. What else
remains to be uncovered, not only in the titanium-oxygen system, but also in more
complex systems such as the titanates, remains in the future for all that enormous
research effort has already taken place in the field. In the process, much has been
learnt about ceramic electrodes and how best to handle them in commercial
application. The old ceramic adage, small is beautiful remains true. Optimum
technology to produce fully dense monolithic Ti,O, has yet to be introduced into
commercial practice, and when it does the number of possible applications will
greatly increase.
What might be termed the purely constitutional study of monolithic Ti,O, has
progressed little since the early days of the material. There are many parameters
yet to be evaluated, especially those relating to its electrical properties. The effect
of dopants, impurities and other minor‘additions to the Ti,O, lattice, and thus on
its properties have as yet received scant attention.
Beyond this, lie the related fields dealing with oxides of zirconium and
perhaps silicon, and in respect of these, the author is happy to adopt the adage of
the stockbroker - “leave something for the next man”
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Websites and Miscellaneous Information
from the Web
The internet offers a useful source of information which partly complements
conventional scientific and patent literature, and partly includes abstracts of the
former. Using search terms such as “Ebonex” or “Titanium Suboxides” with one
of the main search engines such as www.google.com yields brief mentions of
published papers, the websites of commercial organisations using the material or
selling it and other references to it. Some of the commercial websites include
technical information. In some instances particular individuals or University
departments list their publications, and sometimes on-going research. Information
on patents is now readily available on the internet.
Atraverda Ltd - Main licensors of Ebonex@.An overview of the material and its
applications, still under construction at the time of writing.
www .atraverda.com
Fosroc Ltd - Ebonex anodes for discrete cathodic protection of reinforced concrete
structure and steel framed buildings.
www .fosroc .com
C-Probe - Corrosion protection of structures and buildings using Ebonex anodes.
Website provides illustrated case histories.
www .c-probe.com
Geokinetics Australia Ltd. (a wholly owned subsidiary of the Moltoni Group)
Electro remediation of Impurities in Ground Waters.
www.geokinetics.com
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APEX Technical Report RC41 Improved anodes for use in electrowinning.
www.apexis.co.uk/fitdocs/summaries/RC4
1S .htm.

American University of Beirut
www.aub.edu.lb/aub-online/researcN22report/as/chemistry.
htm
cites projects such as:
Nahle, A., The study of Ebonex electrodes for the simultaneous determination
of Cd., Pb and Cu ions by anodic stripping voltammetry.
Smith J R, Nahle A; Walsh F C; Scanning probe microscopy studies of Ebonex
electrodes (AFM & STM used to study topography of porous & fully-hardened
Ebonex, with AFM used to study early stages of copper electrodeposition onto
the material.
Ebonex used in a lithium-manganese battery mentioned at:
www .oorg.kemi.uu.se/kurser/oomn2/Main/Projekt.htm
Electrolytic cell for the inactivation of viruses in water, publ. Foundation for
Water Research. DW10743. E25.00 from FWR, Allen House, The Listons, Liston
Road, Marlow, Bucks SLY 1FD Uses bipolar rod cell with Ebonex anodes.
Summary at:
www .fwr.org/waterq.dwiO743.htm
Oxidation of iodine anions in aqueous solutions at catalysed & non-catalysed
Ebonex electrodes. Pjescici, M; Draskovic-Boskovici, I; et al; (University of
Montenegro).
http://208.5.159.1O/meetings/future/2OO/abstracts/symposia/e1//07
18.pdf
(from google search for “ebonex”)
Pjescici, M., Draskovic - Boskovici, I.; Menpusz, S., Biagojevici, n. and Komnenici,
V. (Universities of Montenegro & Belgrade)
http://208.5.159.1 O/meetings/future/2OO/abstracts/symposia/e
1/07 18.pdf)
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Ammonia, reaction of Ti oxides with 79
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Anode design, large 50
Anode materials, options for 1
Anodes, for industrial electrochemical
processes 2,12
Anodes, point, for cathodic protection,
62
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miscellaneous 49, 74, 82
Bactericidal action 73
Band-gap, of Ti oxides 32
Batteries, electrodes for 25, 74
Binders 5 , 24
Bipolar technology 55,71,
Birchall, J.D, ceramics studies 23
Black surface film 10,12
Brittleness, of ceramics 24
Cables, excimer laser printing of 82
Cathodic protection 58 et seq. 65, 66
Cathodic protection, of concrete rebars
59
Cathodic protection, anodes for 53
Cathodic protection, EbonexTMtiles and
63
Chlor-alkali electrolysis 7 1
Chlorate electrolysis, anodes 70
Chlorine electrolysis, anodes 70
Choice, optimum ceramic 77
Coating, of Ti suboxides 31
Colour, of Ti oxides 32
Corrosion resistance, of EbonexTM36
et seq. 39

Costs, of EbonexTM 80
Current Reversal, see Periodic Current
Reversal
Damp-proofing, electro-osmotic 69
Density, of titania 6
Density, of titania, after H red’n 17
Dichtol, sealant material 29
EbonexTM,commercial successes &
failures 82
EbonexTM,precursor developments 82
Ebonex T,’ Trademark 2
Electrical conductivity, oxide
composition and 38
Electrical connections, to EbonexTM44
et seq, 56
Electrical resistivity, meas’t of 20
Electrical resistivity, of Ti suboxide 32,
33,34
Electrical resistivity, of Ti suboxidePVDF mixts. 26
Electrical resistivity, purity effect of 36
Electrochemical cell design, for
EbonexTM46
Electrochemical properties, of EbonexTM
36
Electrochlorinators 5 1
Electrode boiling 67
Electrode potentials, in brine 44
Electrowinning 1, 2, 3, 4
Electrowinning, large anode design for
50
Ellipsometry, for surface studies 9, 12
Equilibrium diagram, Ti-0 10 et seq.
Etching, of Ti, on oxalic acid 22
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Flame spraying, of Ti oxides 80
Furnace, for reduction of titania 14
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Hydride, Ti 52
Hydrochloric acid, electrolysis of 72
Hydrofluoric acid 2
Hydrofluoric acid, corrosion of Ti and
EbonexTM38,40
Hydrogen uptake, by various Ti oxides
58
Hydrogen reduction, of titania 8, 15, 16,
18
Hypochorite, electrolytic 52
IMI 1
Imperial Metal Industries Ltd, see IMI
Intermetallics, Ti-based 2
Lead-acid batteries, electrodes for 74
et seq.
Lead-silver alloy anodes 2
Machining, of EbonexTM 46 et seq.
Magneli series, oxides 4, 13, 14
Manganese, electrowinning 4
Manufacture of Ti suboxides, options
for 13
Marston Palmer Ltd 2
Melting point, of Ti oxides 33
Monopolar technology 7 1
Nitrogen, reaction of Ti oxides with 79
Oxidation, alloying effects on thermal 43
Oxidation, of Ti suboxides, in air 30, 32
Paint, EbonexTMpowder loaded 60,61
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EbonexTM 42,52,53, 54
Phase diagram, see equilibrium diagram
Plasma spraying, of Ti oxides 80
Plating, of Ti suboxide 31 et seq.
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Resistive heating, of liquids, 68
Scale formation, in brine 51, 54, 56
Scale formation, and resistive heating 68
Seawater, behaviour in 29
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Solid state reaction, of Ti oxides etc 22
Specific heat, of Ti oxides 32
Sterilisation, of water 72
Stoicheometry, from weight loss of
titania 17
Structure, of Ti oxides 11, 13
Swimming pool, electrochlorinators
for 51, 57
Textile machinery 3
Thermal conductivity, of Ti oxides 32
Thermal expansion, coefficient of 32
Thread guides, textile 3
Tiles, weight variation in EbonexTM
63, 64
Titania, blued 3, 4, 7
Titanium carbide, behaviour of 78
Titanium-copper intermetallics 2
Titanium dioxide, capacitors 3
Titanium, intermetallic cmpds 2
Titanium nitride, behaviour of 78
Titanium oxalate, auto-reduction of 2 1
Titanium oxalate, formation in Ti
etching 22
Titanium oxide film, properties 3
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Vitrification, of ceramics 5, 24

X-ray diffraction diagram 11

Wadsley defects 5, 13
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