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There is a music wherever there is a
harmony, order or proportion; and thus
far we may maintain the music of the
spheres, for those well ordered motions,
and regular paces, though they give no
sound unto the ear, yet to the

understanding a note most full of

Sir Thomas Browne



ABSTRACT

The chemistry and electrochemistry of molybdenum
species in dilute solution in CaCl, at 850°C have been
investigated. Anodically dissolved Mo gave rise to the
formation of three Mo species, which were charcterised by
cyclic voltammetry. Three waves were observed. At the
first, Mo(III) is reduced to Mo metal. Another more anodic
wave corresponds to the oxidation to Mo(V). The other
peak may be attributed to the reduction of a dimer formed
by: - 2MoClg3~ Mo>Clg3~ + 3C1~

The electrochemistry of these species is dependent upon

the temperature and concentration of M0C163". As the
concentration is increased the equilibrium is pushed to
the right, but as the temperature is increased it is
pushed to the left. Disproportionation of M00163‘ occurs
in the melt :-
2MoClg3~ ————> 65 MoClg + 45 Mo + 6C1~

The cyclic voltammetric behaviour of carbonate
ions revealed an ill defined reduction peak indicating a
complex reduction process:~

C03%~ + 46 ———> C + 302~

At this temperature the chemical equilibrium lies well to
the right:-

C032-

COZ + 02—

Using a carbon dioxXide atmosphere to suppress this
dissociation resulted in its co-reduction to yield carbon
monoxide. Examination of the electrochemistry of both
MoClg3~ and CO032” in CaCl, revealed that the CO32” pushes
the dimer - monomer equilibrium in favour of the monomer.

The deposition of Mo,C and Mo,C was analysed by
chronoamperometry and deposits produced by constant
potential electrolysis were examined by X-ray diffraction
and scanning electron microscopy. Co-deposition of Mo and
C yielded Mo>C and Fe,Cr,Mo alloys. However these deposits
are not coherent.

Investigations into the production of TiC by a

similar method are noted.
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1. INTRODUCTION

1.1. REFRACTORY METAL CARBIDES
Refractory metals are usually considered to Dbe

the metals of groups IVa-Via, titanium, zirconium, hafnium,

vanadium, niobium, tantalum, chromium, molybdenum and

tungsten. The carbides of these metals are characterised by

extremely high melting points (2000-4000°C),but it is not

particularly these refractory properties that are used

commercially, but rather their great hardness. Hence

carbides are used as cutting tool tips and wear resistant

parts. Table 1.1.(1) shows some Oof the properties of these

carbides.

phase structure micro- m.p.t. (or heat

hardness. decomp. temp. ) conductivity
kg-/mm? oc Cal’cm.sec.9C

TiC B1 2900 3067 0.05

ZrC B1 2600 3420 -

HfC B1 2700 3928 -

vC B1 2900 26438 -

NbC B1 2400 3600 0.034

TaC B1 2500 3983 0.053

CroCo Ortho. 1300 1810 -

Mo>C Ortho. 1500 2687 -

wC Hex. 2100(on 2776 0.07

basal plane)

Table 1.1. SURVEY OF SELECTED PROPERTIES OF REFRACTORY

METAL CARBIDES

14
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Generally these carbides are chemically very
stable, except at high temperatures, when oxidation occurs
readily to form oxides (in oxygen containing atmospheres).
At high temperatures carbides are very strong (E- 40-90
x106psi.) but at room temperatures, they are brittle,
undergoing a brittle to ductile transition at approx.
1000°C. Above this temperature slip deformation occurs,
similar to that for fcc. metals. They have metallic like
electrical, magnetic and optical properties, often very
similar to those of the parent refractory metal.

An interesting property of these carbides is
their wide composition range and thus the variation of
properties available, due to the change in vacancy
concentration and metal : carbon ratio. This wide
composition range for titanium carbide is shown in
Fig 1.1.(2).

Atomic Percent Carbon

2500

2000+

TiC + graphite

Temperalure °C

R R L L Lk L N Ui PSS )

5 10 15 20 25 20 15
Ti Weight Percent Carbon

Fig.1.1. THE TITANIUM RICH PORTION OF THE TITANIUM-CARBON
PHASE DIAGRAM.



1.2 ELECTRODEPOSITION FROM MOLTEN SALTS

Conventional production methods for refractory
metal carbide, boride and silicide coatings are plasma arc,
flame spraying, pack cementation and vacuum evaporation.
These techniques frequently give coatings which have
serious deficiencies, such as poor adherence, porosity or
inclusions and often require great heat imput, which
results in low efficiencies. Electrodeposition from molten
salts has a number of advantages in the nature of the
electrolytic techique and the deposits produced.

Molten salts are liquid compounds which exist
over a temperature range of about 100°C to over 200090C.
There are three main types, distinguished by their
structure :
i> simple ionic melts (alkali halides), ii> simple
oxyanionic melts (carbonates), iii> complex polymeric melts
(silicates).

Jonic melts are the most concentrated
electrolytes. The particular advantages of these
electrolytes for electrodeposition are as follows:

a> their high stability(3),in terms of large
decomposition voltage and low gas solubility,
allowing electrolysis at high current efficiency to
take place, as the number of side reactions
available are reduced.

b> the electrodeposition reactions in molten salts have
high current densities (4), due to the number of
availdble charge carriers . This also allows better
throwing power.(5)

¢> They are powerful solvents for inorganic
materials(6),allowing high solute concentrations,
making high deposition rates possible.

d> Electroplates are free from stress(7), due to

undisturbed crystal growth, giving good ductility.
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e> Substrate oxide films and surface moisture are
dissolved in molten salts and thus adherence is
improved. Diffusion layers are formed between the
substrate and coating, (if the deposition rate is
similar to that of the deposited species in the
substrate), giving much greater adherence than is
otherwise possible.

f> Good ionic conductivity typically 2-9 QE‘m‘l(B),
allows good energy efficiency and reduces the
cathodic overpotentials. (9)

g> The rate of metal deposition may be controlled by
changing the cathode current density or the
deposition potential, and the rate of diffusion into
the substrate, by changing the temperature. Thus the
desired deposit structure and morphology can be

obtained.

However electrodeposition in molten salts often
requires the use of inert atmospheres, to stop hydrolysis
of any hygroscopic salts used.(10) Purification of the
melt is thus necessary to give long term stability (11) and
more resistant cell materials are required.

Electrodeposition in molten salts is usually mass
transfer controlled and dendritic deposits are formed.(12)
These are undesirable as they occlude solidified melt,
requiring leaching out. Another problem with dendritic
deposits is that they make the cathode dimensionally
unstable, leading to lower current efficiencies. Conditions
of mass transfer control can be avoided by introducing a
slow irreversible step in the cathodic reaction, as used by

Mellors and Senderoff in fluorides.(5)



They postulated that the polarising power of the
solvent cations,for the anions, contributes to the
stability of solute complexes, and thus the KkKinetics of the
electrodeposition process. They assumed that if a
sufficiently stable complex is formed, then the desolvation
of the metal ions gives rise to the irreversible step
required to stop dendritic growth. This analysis is based
on the effect of anion additions forming less stable
complexes. (1.e. C1- for F7) However it is probable that
' these additions do not give rise to bulk substitution in
complexes, but affect the electrodeselectrolyte interface
and thus the charge transfer step itself, so changing the
kinetics as indicated.(13)

Powdery electrodeposits can also originate from
secondary electrode processes, either by
disproportionation reactions near the electrode surface or
by chemical reactions between alkali metals and metal ions
in the bulk electrolyte.(5)

Practically a series of other properties are
required for molten baths, such as, low vapour pressure,
low melting point, low corrosivity, ease of purification,
non-polluting and low cost. This has led to the
concentration of electrochemical and electroplating

research in chloride and fluoride melts.

18



1.3 ELECTRODEPOSITION

Electrodeposition can be considered to be a two
stage process. The first stage being the nucleation of the
new phase on a substrate and the growth of nuclei to form
a monolayer. The second stage being the growth of this
layer. The second stage occurs for almost all of the total
deposition time, but the nucleation stage is of particular
importance, as the structure of the intial layer
influences the final structure of the electroplate and
thus its properties. Often the thermodynamics and Kinetics
of the whole process can be generalised to that of the
second stage.

During the second stage the electrode is
completely covered by depositing metal ,so that it behaves
as an electrode of the type M/MN* and thus the
electrodeposition reaction can be written as:

M+ (bulk) + ne ——> MO(electrode)
giving a Nernst equation for this reaction as:

E = EO + RT/nF.1ln ay?*
Where E is the potential of the electrode surface, R the
gas constant, T the absolute temperature and n is the
valency of the metal ion (MP*) being deposited. The
standard electrode potential of the M-/MNI* couple (E©) is
given when the activity of the depositing ions is unity
(aMn* =1).
The Nernst equation however does not account for the non-
equilibrium behaviour encountered for electrode reactions,
in practise nearly all electrode reactions are
irreversible to some extent. This leads to the
polarisation of electrodes and results in the
overpotential required for the reaction to proceed. Under
dynamic conditions the electrode potential is

given by:

E = Ejeq * 1
Ejeq is the Nernst potential and n is the

overpotential. The overpotential is made up of

19
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contributions from any source of increase in resistance to
the reaction proceeding,e.g. a concentration barrier. The
effect of this polarisation on the Kinetics of cathodic
deposition can be evaluated by considering the process
rate determining step. The steps involved in the process
are usually considered to be :

i) migration: The depositing ion in the bulk of the
electrolyte migrates towards the cathode (or anode)
under the influence of impressed current as well as
by diffusion and convection.

il) Electron transfer: In the electrical double layer
alignment of electrolyte and complex ions occurs,
allowing charge neutralisation and adsorption of
depositing ion onto the electrode.

(The electron transfer process for complex ions is
complicated and not clearly understood. Discharge
itself is thought to proceed from simple ions after
a previous dissociation reaction. This dissociation

is believed to be so fast that it does not effect the
overall Kkinetics.)

iiil) ITncoporation: The adsorbed atom then migrates or

diffuses to a suitable growth site.

Fig.1.3. shows these steps schematically.
The slowest of the above steps is rate determining. In
most cases diffusion of species to the electrode is rate
determining and thus concentration polarisation is the
major source of overpotential. This potential is
quantitively given by the Heyrovsky-Ilkovic equation(14):

2.3RT JL

Ne = ———— log ——
n F JL-J

where Jp is the limiting current density and j the

applied current density. At the limiting current density,
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Figl.3. SCHEMATIC OF DEPOSITION
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the concentration of the ionic species at the electrode
surface reaches zero so that no further reaction can occur
by a further increase in current density.

Ji, can be determined from:

Dne Fa

(1 - t)s

Where D is the diffusion coefficient, n the valency, a

JL =

the activity, t the transport number of the reacting ion
and & is the thickness of the diffusion layer.

The first stage is the nucleation of an adsorbed
atom on to a substrate. When a constant potential is
applied to a substrate, after an initial induction period,
the number of nuclei increase linearly with time. The rate
is dependent upon the overpotential. After sufficient time
the surface becomes saturated and no more nuclei are
formed. This initial layer involves the simultaneous
growth and formation of nuclei, and the structure will
depend on the relative rates of these two competitive
processes. A continuous layer may be formed by complete
coverage of the substrate by newly created nuclei, or by
coalescence of growing nuclei already formed. This
nucleation process is dependent upon the surface activity
of the substrate. Heterogeneous nucleation occurs and is
controlled by the interfacial energy (o) of the two
phases, and the super saturation, which is controlled by
the overpotential (n) so that the rate of nucleation
(JO) can be given by (15-18):

JO- K.exp(Bo3/n2)
where K and B are constants.
These nuclei may present different morphologies and allow
various degrees of epitaxy to develop with the substrate.
These factors determine the characteristics of the initial
layer and so to some extent, the properties of the whole

deposit, such as adherence and the degree of coverage.
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1.4 ELECTROCHEMICAL METHODS
1.4.1. Cyclic voltammetry

Several techniques can be used for investigation
of electrochemical processes in molten salts.
Chronopotentiometry, chronoamperometry and cyclic sweep
voltammetry are most commonly used. Cyclic voltammetry
and chronoamperometry were used to investigate
electrochemical reactions and the processes in this work.

In cyclic voltammetry, the potential of a
working electrode in an unstirred solution containing
electroactive species is varied linearly with time. If the
solution contains only the oxidized form, the potential
sweep is started at a more positive potential than that of
standard redox potential of the couple.(anodically). As
the potential tends towards the standard potential, the
oxidised species will begin to be reduced. Diffusion of
oxidised species towards the electrode occurs due to a
concentration gradient being established between the bulk
solution and the electrode surface. As the potential is
swept past the standard potential, the current rises
rapidly, as the drivingfgg;&the reaction increases,
reaching a maximum. This maximum is produced by the
depletion of the electroactive species at the electrode.
The net current begins to decay,when the rate of diffusion
through the double layer, becomes slower than the rate of
the electrode reaction, as a result of the increasing
thickness of the diffusion layer. On reversal reoxidation
occurs similarly, resulting in an anodic peak. A cyclic
voltammogram for a simple reversible reduction process is

shown in Fig.1.4.1.
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Electrochemical relationships between cyclic
voltammetric parameters have been established:
The peak current (ip) for a simple reversible
diffusion controlled process is given by the Randles -
Sevcik equation(19):

32
) p1r2 ¢ yi2

ipg =
P (RT)1/2

where i = the faradaic current(mA), n = number of
electrons involved in the process, C = bulk concentration
of reactant(mol”l) and v the voltage scan rate(V-/sec).
Other parameters as before.

The peak potential (EP) for this process can be
related to the polarographic half wave potential (Eg-2)
(20) which gives the following relation:

Ep = Ep,2 - 2.2(RT~nF)
These equations are only valid for reversible reactions
where the product is soluble, and it has been shown(21)
for such systems, that a plot of log (ip - 1)71 vs
potential should be linear with a slope of 0.58(nF-RT), in
the range 0.35—0.7ip.
This theory has been extended to irreversible reactions of
many mechanisms, so that the variation of ip 7 vi/z,}lp and
ipa/ipc with scan rate, allows both qualitative and
quantitative characterisation of unknown systems.(22,23).

1.4.2.Chronoamperometry.

In chronoamperometry, a potential step is applied
to the working electrode and the resulting current 'through
the cell is monitored as a function of time. The observed
current, time curves are dependent upon potential,
concentration, mass transfer coefficients and Kinetic

parameters.



a
Generally the current, time charcteristic has the form(24): -

/\
n.F.pl 2¢c 0

(1-A8)172¢172

where A =(Do/Dr)172 and 8= Cy(0, t)-Cr(0,t).
For the reaction:- 0 + ne ——— R and for the condition
when the concentration of the reactant becomes zZero at the
electrode and the current is totally controlled by mass
transfer, then this equation reduces to:- (for a planar
staionary electrode)(25,26)

iz n.F.CoP(Dgy wt)l72
Thus plots of i vs t7172 should be linear, with a gradient
that is proportional to the bulk concentration at the
electrode. When this condition is not satisfied, that is
when the applied potential is not sufficiently negative, and
if the potential is still sufficiently negative to cause
electrolysis of O then the current is a function of the
variation of this O concentration, according to the charge
transfer process. For an irreversible charge transfer at
short times the current form can be simplified to :-

i=n.FAK£Co(1-2K £t172) (7D )17 2

In order for these reactions to proceed,

nucleation of the product at the electrode must occur. By
relating the stable size of nuclei, to the transport of
reactants to the nucleation site, the current form required
to give nucleation can be determined. The current form for
low overpotentials:~(simplification, not allowing for the
change of nuclei radii)(27)
i(t) = n.FwM172(2DC)372(1-exp(-nFn-RT))372(t p)172
If both nucleation and growth occur at the same time, this
equation becomes:-
i(t)=2/31osner1/2(2DC)3’2(1—exp(—nrn/R'r))3/2(€/‘/3p”z)
The rising portion of i-t curves generated from
chronoamperometry at low overpotentials, can give

information about the type of nucleation process occurring.
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1.5. AIMS

The successful electrodeposition of refractory
metal carbides from molten fluorides and the production of
MooC from molten chlorides have been reported. However the
electrochemical reactions that give rise to the formation of
these carbides have not been investigated. In this study the
chemistry and electrochemistry of Mo yielding species and
carbonate ions in molten CaClp , and the chemistry and
electrochemistry of both together, required to give Mo,C
coatings at stainless steel substrates, have been
investigated. The investigation was approached by combining
the electrochemical methods of cyclic voltammetry and
chronoamperometry , with the characterisation of deposits by

scanning electron microscopy and X-ray diffraction.
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2.LITERATURE SURVEY
21 REFRACTORY METAL ELECTRODEPOSITION

Many processes for the production of refractory

metal coatings by electrodeposition are reported in the
literature. A1l have been successfully deposited from
molten salts. Complex parameters control the deposit
characteristics required to give good adherence and
purity. Inorder to optimise these characteristics various
electrolytes and reduction reactions have been used.

Chromium is the only refractory metal that can
be obtained from aqueous electrolytes and thus this
process has been developed and operated commercially over
the last sixXxty years, using chromic acid-sulphate
electrolytes (28). However the relatively poor quality of
electroplates produced, due to the co-deposition of
hydrogen giving rise to cracks and porosity (except in
very thin plates)(29), has led to the development of
molten salt plating processes for more demanding chromium
plate applications. Vargas and Inman(30) using chromous
chloride ,(LiC1-KC1l) eutectic solutions, have developed a
pulsed potential chromium plating technique, which gives
rise to high initial nuclei coverage and avoids dendrite
formation. Thus adherent, coherent and low porosity
coatings are produced.

Mellors and Senderoff (31) developed a general
process for electrodeposition of coherent zirconium,
hafnium, vanadium, niobium, tantalum, chromium, molybdenum
and tungsten. Using an electrolyte mixture of pure
fluerides of alkali and refractory metals maintained under
an inert argon atmosphere at 700-825°C, they found that
faradaic electrodeposition occurs provided the mean
valence of the metal ion in solution is not too high.
ie.+5 - tantalum, +4.5 - tungsten, +4 - niobium,
zirconium and hafnium and +3 - molybdemun, chromium and
vanadium. However titanium deposits could only be produced
to a thickness of <5 mils. before dendritic growth

occured.
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Coherent deposits of molybdenum and tungsten
have been electrodeposited from other melts. Senderoff and
Brenner (32) used the LiCl1l-KC1l eutectic to electroplate
molybdenum from K3MoClg at 600°C. Again the valence state
of the molybdenum is important in the resultant quality of
deposits and it is interesting to note that coherent
deposits are not produced if a NaCl-KC1l eutectic is used.
Tungsten has been deposited from a LiBZO4,,NaLiw04 and
WO03(6:2:1) mixture. This process (33,34) was operated at
900°C in a nitrogen atmosphere. Zuckerbrod and Bailey (35)
note that tungsten coatings are produced from the LiCl-KC1
eutectic with KyWClg by a disproportionation reaction
during reduction, rather than by the "true"
electroreduction of WCIGZ", as this potential probably
lies beyond the melt 1limit.(36)

Probably the first attempt to electrodeposit
titanium from molten salts was made by Cordner and
Worner(37) who using a LiCl1-KC1(60:40) and TiClj
electrolyte and they noted that at > 460°C two immiscible
liquid layers formed, the upper being green ,the lower
dark purple. Electrolysis of this upper layer gave fine
powdered deposits of 99% Ti with a current efficiency of
40-60% ,the lower layer acting as a reservoir of Ti3* for
the upper. However from a TiCl3-NaCl-KC1l electrolyte at
900°C, Brenner and Senderoff(38) produced coherent
deposits on tungsten substrates at current densities of
0.3 A“cm?.

The electrolyte compositions which give coherent
deposits for various halides were considered by Fortin et
al., who found that KI-KF yielded coherent deposits but
KI-Nal, dendritic titanium (39). In the LiCl1-KC1l eutectic
the following titanium sources yielded high purity
dendritic deposits a> K3TiFg b> TiCl3z and c¢> in situ
anodic dissolution of Ti but using TiClg produced spongy

Ti.(40)
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However cystalline deposits can be produced from TiClg in
LiCl1-KC1-NaCl if the deposition cathode is only lowered
into the melt after electrolysis has become
established. (41)

An all fluoride process allowed production of
coherent pure Ti deposits at a rate of 30(umh“1) which
alloyed with the copper substrate at 700-800°9C. Low oxygen
content was again indicated to be necessary for coherency.
(42) As was noted with tungsten, titanium can be
deposited by disproportionation reactions in chloride

melts (43, 44).

2.2 REFRACTORY METAL CARBIDE, BORIDE AND SILICIDE
ELECTRODEPOSITION.
Production of carbides by electrodeposition was
first reported in the 1940’s by Wiess and Andrieux(45.46),
who used sodium carbonate, sodium metaborate and 1lithium
flucride or barium flouride and oxides of tungsten or
molybdenum as electrolytes. They concluded that reduction
of the carbonate accounted for the production of carbides.
Similarly Mo,C has been deposited from molybdenite in,
KC1-KF-NaSi03 or NaF-NaB407-Na>CO3 using a graphite anode
as a carbon source.(47) Attempts to co-deposit WC from WO3
in these electrolytes, has resulted in powdery mixtures of
WC, W>C, W and C. More recently Mo,C has been
electrodeposited from NaF-KF containing NazB;07, Na>CO3
and NajMoO4 at 960°C to give adherent silvery
crystallites (48) and Shapoval (49) et. al. using
NaoW04, K3WO4, LizCO3 and MoO3 at 800-900°C.
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Gomes and Wong (50) using a NaOH-Na>W0,4-NazB20,
electrolye at 1000-1025°C with a consumable graphite
anode, determined that the composition required for the
optimum production of WC,was equimolar. Deposits were
dendritic and contained W>C and free C which were co-
deposited.

These investigations have been adapted and
extended to allow deposition of TaC and NbC at 750°C from
NazB207, NaCO3, NaF, KF and Taj05 or Nbx0s. Careful
regulation of melt composition was required as too high a
proportion of borates yields borides and also effects the
morphology of the deposits.(51)

Stern and Godomski(52) used the commercially
available K>TaF7 in LiF-NaF-KF (FLiNakK) eutectic and
knowledge of carbonate reduction in fl yorides to similarly
produce TaC. This process was later extended to W>C from
NajW0, (53) and TaS from K3SiFg (54). Charcterisation of
W>C (55) produced revealed that the coatings were made up
of large crystallites and Stern et al. suggest that
impurities control the morphology. Investigations into the
effect of temperature, potential, current density and melt
compositions in LiF-KF and LiCl-KCl on WC deposit
morphology have revealed a complex effect but some trends
can be noted.(56)

Topor and Selman (57) following Stern et al.’s
work used addition of K>CO3 and NaMoO4 to electroplate
coherent dense Mo,C coatings from FLiNaK at 850°cC.
Kushkhov extending Shapoval(49) work in tungstanate melts
to chloride melts, has co-reduced Mo04~ and COy solutes to

give Mo,C.(58)
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Borides have also been electrodeposited from
fluorides.(59) Coherent deposits of ZrB; from KBF4 in LiF-
KF- K3ZrFg at 8000C. and later work using a LiF-KF-KpTiFg-
KBF4 system (60) indicate that the reduction steps are :-

TiFg2™ + e TiFg3~ (2.2.1)
BF4~ + 38 =—=== B + 4F" (2.2.2)
TiFg3~™ + 3¢ === Ti + 6F" (2.2.3)

Ti + 2B TiB, (2.2.4)

Earlier powdery deposits of TiB, were produced
from MgO, MgF,, B>03 and TiO; electolyte (61) and using
NaBO,-LiB0O,-NaTi0O3-LiTiO3 and TiO, coherent deposits of
TiBo> were produced.(62)

23.MOLTEN SALTS AS SOLVENTS

In order to understand the interactions between
titanium and carbide, molybdenum and carbonate and solvent
ions, the structure and acid-base relationships in molten
salts must be considered. The structure of molten salts is
often considered to be one of interlocking quasi lattices
(63,64), which allows the prediction of its physical
properties. The separate nature of the anion and cation
lattices does not allow grouping of ions from different
lattices. The sterochemistry and co-ordination
relationships noted from spectroscopic data (65) and the
aqueous behaviour of transition metals indicate ion
association (or formation Qf complex ions) occurs in
molten salts. The ’life time’ of such species is very
debatable, due to the complex nature of IR, Raman and

neutron scattering spectra.



This complex ion formation is reflected in the
acid-base behaviour in molten salts. Lux and Flood
developed an acid-base concept for molten oxide systems

(66,67), such that:
Acid + 02- Base (2.3.1)

this can be extended to molten halides as:

Acid(acceptor) + X~

Using a Lewis type definition of acidity so that a
chloride ion acceptor can be considered an acid.(e.g.
TiCl5)

The nature of cations and anions present in the
solvent can greatly influence reaction mechanisms for
electrodeposition. This effect can be noted by considering
the reduction steps of titanium in chloride compared with
fluoride melts.

In chloride melts reduction proceeds :-

Ti%t —— Ti3* ——> Ti2* — > TiO
whereas in fluorides :-

Ti%* — Ti3* —— Ti©
In fluorides the formation of complexes , T1F62",T12F7‘
does not allow the formation of the lower oxidation state.
The formation of such complexes in chlorides is not so
clearly indicated and thus as such expected ’complexes’
are probably ill-defined, short life time structures,
resulting in the larger number of apparent oxidation
states. Thus the more acidic nature of the titanium in

fluorides is indicated by their complex stablity.

2.4. ELECTRODEPOSITION OF TITANIUM

The possibilities for titanium production by the
direct electroreduction of chlorides is indicated by the
properties of the three oxidation states available. TiCl,
is a typical covalent compound, melting at -25°C and is
virtually non conducting, TiCl3y decomposes at 440°C and
TiCl> has a strongly ionic character (68), but other

Base (donor) (2.3.2)
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properties are, as yet, ill defined. It is reported that
TiCl; sublimes in hydrogen and decomposes in vacuum at
4750C, but according to phase diagams of systems NaCl-
TiCly (69) and KC1-TiCl, (70), the melting temperature of
this chloride is approx.1025°0C. These unsuitable physio-
chemical properties have led to the use of solutions of
titanium halides, for titanium reduction. Practically (as
noted before) the most suitable solvents are fluorides and
chlorides of alkali and alkaline earth metals.

The different titanium plating processes can be
considered in terms of the nature of the electroactive
titanium species and thus three groups can be identified:
using i> titanium chloro-complexes

ii> titanium fluoro-complexes
and iii> titanium dioxide (including mixed complexes e.g.
TiO(F,C1)427) as solutes.)
i> Titanium chloro-complexes

The electrochemistry and thus the electroplating
of titanium from chloro-complexes in all chloride systems
is complicated by the instability of the complexes formed,
especially when several oxidation states are present
together. The reduction sequence of:-

Ti(iv) — Ti(iii) — Ti(ii) —— Ti(0)
has been established in a series of alkali and alkaline
earth metal chlorides and mixtures, by Chassaing et
al.(71)
They noted the following disproportionation reactions

between the various oxidation states:—

3Ti(ii) &——== 2Ti(iii) + Ti (2.4.1)
2Ti(iii) =———= Ti(iv) + Ti(ii) (2.4.2)
4Ti(iii) =—=—= Ti + 3Ti(iv) (2.4.3)

2Ti(ii) ———=Ti + Ti(iv) (2.4.4)

These reactions are also noted by Baboian et al.(72). The
formation of powdery titanium deposits noted in many

papers(37,73,74,40) and low current efficiencies for



titanium deposition, can be accounted for by these

disproportionation reactions.

Particular problems arise from the low solubility

of TiCly in the melt, such that the value of the redox
potential Ti(iv)~-Ti(iii) is tentatively valued. For
example, in the LiCl-KC1l eutectic at 450°0C, it is ascribed
the value -0.41 V w.r.t. Ag ref. electrode. This occurs
due to the loss of volatile TiClg from the melt. To allow
the electrodepostion of titanium from TiCl,, as a titanium
source, reduction to lower oxidation states is required,
especially as reoxidation of TiCl; and TiCl3 can occur
readily at the anode and be lost as TiCl4.(75-77) The
formation of powdery electrodeposits has also been
accounted for via chemical reduction of Ti(iv) and Ti(iii)
by alkali metals.(73,74,40) Reduction of alkali metal ions
at the cathode, followed by dissolution into the melt
locally, allows reduction of Ti ions in the proximity of
the electrode. The activity of the alkali metal(s),
convection of titanium and the temperature of the
electrolyte, determine the ’availibility’ of alkali metal
ions for this reaction and thus whether the powdery
titanium is formed. Due to the possible disproportionation
reactions and alkali metal reduction processes available
in these melts, the average valency of the titanium ions
present, can be used as an indicator of this availability.
Alpert et al.(75,77) have shown that coherent titanium
deposits are produced most favourably with n values of
approx. 2.2. Similarly Elyutin et al. (78) indicated that
increases in current efficiency are possible if high TiCl,
concentrations are achieved.

Numerous electrolytes containing Ti(ii) and
Ti(iii) chlorides and mixXxtures of alkali and alkaline
earth chlorides, have been considered by Tokumoto et al.
(79-81), producing Ti coatings upto 0.5mm thick, with
current efficiencies of 50-90% at 400-500°0C.
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ii> Titanium fluoro-complexes

Potassium hexafluorotitanate provides a readily
available and easy to handle source of Ti%* ions and as
such, the electrochemistry of this complex has been
considered most frequently. Brenner and Senderoff were
probably the earliest workers to attempt to produce
titanium coatings from K>TiFg as a solute in LiCl1-KC1l and
NaCl-KC1l eutectics, but powdery rather than coherent
deposits were produced.(82) Later workers (83,84) were
more sucessful using K;TiFg in various halides, between
750-950°C and at current densities of 0.5-5.5 A-cm?2.

The electro-reduction of TiFg2~™ proceeds by two
steps, as would be expected in an all-fluoride solvent
(42):

TiFg2~ + e ——> TiFg3~ + 38 ——> Ti + 6F  (2.4.5)
Recent work (85) indicates that the fluoride concentration
plays an important role in these reductions such that at <
3 wt”x KF the reaction steps are:-

Ti¥* + e ——> Ti3* + ¢ ——> Ti2* + 2¢ —> Ti (2.4.6)
rather than the two reaction steps at greater KF
concentrations.

Use of a 5 mol*% K>TiFg and 95 mol* NaF
electrolyte has allowed the production of coherent uniform
titanium coatings at 1000°C with current densities of 2-4
A7cm?, on an iron substrate with an intermetallic Feo>Ti
layer providing good adherence. Dendritic titanium is
often yielded from electrolysis of K;TiFg containg halide
melts and methods to control neucleation and growth have
been considered to allow suitable deposits to be made.
Pulsed current electrolysis using KF-LiF and 10 wt* K5TiFg
has yielded 50p deposits on an iron substrate at
7500C.(86)
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iil> Titanium dioxide

Several attempts have been made to deposit
titanium from electrolytes containing TiO. TiO dissolved
in alkali and alkaline earth metal halides have yielded
titanium contaminated with oxygen and carbon.(87) Rutile
was produced using Na3zAlFg-NaCl-TiO as an analogue to
aluminium production (88) and TiO, MgTiO3 and CaTiO3
titanium sources dissolved in fluorides at 1300-18509C,
produced titanium contaminated with carbon and other
impurities. (89,90)

The introduction of oxygen into chloride melts,
gives rise to the rapid formation of grey oxide
precipitates. Littlewood(91) produced E v poz“ diagrams
for Ti-LiCl and Ti-KCl at 800°C and thus revealed the low
concentration of oxide required to allow formation of
oXide precipitates. Similarly E v pOZ" diagrams for TiOp
using oxacidobasic couples based on FeO have been

developed for LiCl-KCl eutectic mixtures.(92)

2.5. ELECTRODEPOSITION OF MOLYBDENUM

The electrochemistry of molybdenum in molten
salts is controlled by the availability of oxidation
states in the solvents.

In chlorides, species of Mo(VI) to Mo(0) have
been observed, but the conditions giving rise to these
states and their interactions is very dependent upon the
solvent. For example : in NaCl-AlCl3 melts(93), Mo(V) to
Mo(0O) species may be obtained, depending upon the
basicity of the melt, favouring complexing and thus the
stability of various species.

White and Twardoch(94) extensively reviewed the
processes and routes for the reduction of molybdenum in
molten salts and considered the conditions which allowed
the deposition of coherent molybdenum, thus only the
most relevant work in chloride melts will be considered

here.
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Coherent electrodeposits of Mo are most readily
produced by the reduction of Mo(IIl) species in molten
chlorides (95,96,40,41), although the disproportionation of
complexes and dimer formation complicate the chemistry of

this process. The reactions available are indicated below:

Mo>Clg3~ + 3C1° 2 MoClg3~ (2.5.1)
MoClg3~ + 3¢ =———== Mo + 6Cl~ (2.5.2)
Mo>Clg3~ + 6e =—=—=—= 2 Mo + 9C1~ (2.5.3)

5 M0Clg3~ ==——== 3 MoClg + 2 Mo + 15C1~ (2.5.4)

Cyclic voltammetric studies using LiCl-KCl and
CsC1-LiCl eutectic solvents allowed the stability of the
dimer to be controlled and hence its involvement in
electrochemical reactions. (45) These studies gave results
showing:- Time dependency indicating the availabilty of
chemical reactions, temperature dependency indicating the
loss of volatile species and-“or the change in controlling
equilibrium reactions. Scan rate dependency also indicates
coupled chemical reactions to those occuring at the
electrode. The observation of two cathodic peaks and only
one corresponding anodic peak in the presence of Cs*
rather than K* indicates the presence of two species in
the same oxidation state. Chronopotentriometric studies
also indicate this.(97) Indicating the availab ility of
all of the above reactions, in these melts.

Interestingly, the papers reviewed by White and
Twardoch (94) indicated that reduction of molybdate solutes
in chlorides do not produce metal, but Mo(VI) species and
other valence states are generated by chemical
dissociations.(98,99,50) However Shapoval and Makogan (100)
found that in more acidic chloride melts (e.g.LiCl1-KC1
eutectic) MoO3 could be reduced to the metal at platinum
electrodes, provided the Pt had formed a Pt-Li alloy prior
to reduction of MoO3. They attributed this phenomenon to

heterogeneous catalysis. Similarly Shapoval has reduced
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Mo0O3 to metal in a NawWO3 melt at low MoOj3 concentrations
according to the reaction:

4 M0,07%” + 6 e Mo + 7 M0o0g4%~ (2.5.4)
but at concentrations > 4-5 mol* MoO3 reduction proceeds:-
MoO5> + 3 M004%~ (2.5.5)

M05072” + 2 e

and

M00g2~ + 2 e MoO, + 2 02~ (2.5.6)
Smooth adherent deposits of Mo on Cu,Ni,Mo, stainless
steel and graphite substrates have been electroreduced
from a 70% KF, 10*% K5B407, 20% K>;M004 mixture.(101)

2.6. ELECTRODEPOSITION OF CARBON

Carbon does not react with these melts and
anodisation of carbon elec;rodes produces chlorine (thus
the use of graphite auxill/fary electrodes in this melt).
Cathodisation of carbon does not yield stable potentials
prior to melt decomposition, but if oXide ions are present
anodisation of carbon produces CO,, consuming the
electrode(102).

The cathodic reduction of carbonate melts to
carbon is well established and Selman and Steunenberg(103)
have shown that carbonate ions are reduced on gold in
LiCl1-KC1l eutectic electrolytes. Similarly solutions of
calcium carbide have been shown to yield carbon in these
melts.(104)
2.6.1.Carbonate Reduction.

In molten carbonate melts, carbonate reduction
occurs at the cathodic limit and elemental carbon is
formed. Ingram and Janz(105) showed that this process may

be considered as:
C032~ + 4¢e ————> C + 302~ (2.6.1.1)
or 3C0, + 4¢ ——————> C + 20032~ (2.6.1.2)

39



Both these reactions are available in carbonate melts,
although (2.6.1.1) is usually the reaction responsible

for carbon formation. These reactions can be defined in
terms of the Lux-Flood acid-base equilibrium(66,67) and
under normal conditions the production of carbon is
thermodynamically preferred over the alkali metal.
Barlett and Johnson(106) considered favoural}l\lity of these
reductions for various temperature and carbonates. They
showed that as the temperature increases the reduction of
CO> and-“or C032' leads to carbon monoxide rather than
carbon.

In halide melts both carbonate and carbon
dioxide can be reduced to carbon. (depending upon the
temperature) Deanhardt et al.(107) argued that the reaction
(2.6.1.1) does not occur in FLiNaK carbonate reduction,
but that the cathodic reduction of alkali metal leads to
the chemical reduction of the carbonate and thus carbon
deposition on the electrode. Similarly Stern and
Gadmorski(108) could not observe carbonate reduction
prior to the cathodic limit of FLiNakK, giving the
reduction mechanism:

4 Me + MeCO3 ——> C + 3 Meg0 (2.6.1.3)

Young(109) used cyclic voltammetry to investigate
the reduction of sodium carbonate in LiCl1-KCl-NaCl at 500C
with a tungsten working electrode. A pair of reduction and
oxidation waves were obtained due to the presence of
carbonate ions, suggesting that reaction (2.6.1.1)
corresponds to the reduction wave at a potential of -1.8 V
w.r.t. Ag(0)7Ag(I)(0.5M)reference electrode. As this
potential is dependent upon the sweep rate, the reaction
(2.6.1.1) can be concluded to be irreversible. Mo(110)
continuing this work determined reduction potentials on

tungsten, stainless steel and platinum.(Table 2.5.1)
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Electrode EC (V) w.r.t.Ag(0)~Ag(I)(0.4M)
Pt -1.745
w -2.05
s7/steel -1.90

Table 2.5.1. DEPOSITION POTENTIALS FOR CARBON FROM
CARBONATE IONS

She also tentatively suggested that the reduction

proceeded via reaction (2.6.1.1) and that carbides were

formed on oxidation on tungsten electrodes at potentials

more anodic than - 0.60V w.r.t. Ag(0)~7Ag(l). Delimarski

et al.(111) were able to produce carbon by the reduction

of both carbonate ions and carbon dioxide in NaCl-KC1l

eutectic at 680°C. They inferred a reduction sequence:

Co, + 2 e ——> COZ" (2.6.1.4)
COZ~ + 2 e ——> C + 2027  (2.6.1.5)

and that in the presence of carbonate the chemical

reaction:

C032- COp + 0%~ (2.6.1.6)

preceeded the above reduction steps. Single reduction

waves noted by other workers(112,109,110) indicate that
direct reduction by (2.6.1.1) is more likely.

2.6.2. Carbide Oxidation
Barber and Sloan(113) have determined the

solubility of CaCs in a number of pure alkali and alkaline
earth halides and their mixtures up to temperatures of
10009C. The highest solubilities were found to be in
lithium salts and calcium chloride and its mixtures.
Alkali halides other than Li showed much lower
solubilities and free alkali metal is found in such melts
indicating that displacement reactions of the following
type are occuring :

2 NaCl + CaCp —> 2 C + 2 Na + CaCl, (2.6.2.1)



The chemical nature of the dissolved carbide and the
chemical equilibrium:
CaCy(soln.) 2 C(s) + Ca(soln.) (2.6.2.2)

has been investigated in molten calcium chloride(i114). The

dissociation products of the above reaction are evident in
significant amounts and as free calcium is formed in
solution, this has a great effect on the chemistry and
electrochemistry of the system. This work was confirmed by
Maillot and Morris(115), who found CaC,p, CaO, free Ca and
C all present in melt samples and determined phase
diagrams for the binary system CaCl;-CaCs; and the psuedo-
binary CaCl;-(Ca0+CaC3). Technical grade CaC, is used in
the above quasi binary rather than high purity CaC,, as
the removal of Ca0O (the significant impurity in techical
CaCy) results in the presence of free calcium, which even
at low concentrations is a less desirable impurity for
electrochemical analysis.
The presence of CaC, in the form:

CaCy(soln.)
is also consistent with the liquidus line determined for

this pseudo-binary.

The oxidation of carbides in molten salts
especially in CaCl, from CaC; has been considered from a
number of view points. The importance of CaCy; as a slag
component in many metal winning processes has led to its
electrochemical examination.

Most workers (116) report the deposition of
carbon from carbide solutions, although there are
conflicting proposals as to whether this is a purely
chemical decomposition or electrochemical oxidation of the
acetylide ion, or some combination of these. There is
little doubt however that thermodynamically the chemical
equilibrium (2.6.2.2) at typical melt temperatures (400
-10009C) lies predominantly to the right and thus carbon

deposition on all surfaces occurs to some extent.

C»27(soln.) + Ca2*(soln.) (2.6.2.3)
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White(117) invesigating these reactions concludes
that the carbon deposition occurs both by an
electrochemical -~ chemical route and by a pure
electrochemical route:-

A priori anodic production of Ca2* from calcium formed by
reaction(2.6.2.2).:
Ca

allows the calcium content of the melt, to decrease

Ca2* + 2e (2.6.2.4)

locally at the electrode and pushes the chemical
equilibrium further to the right (reaction 2.6.2.5):
CaCs(soln.) —————— 2 C(s) + Cﬁ(soln.)

|
ca2+

(2.6.2.5)

+ 2e

This accounts for carbon deposition occuring at cathodic
limit potentials. Thus by controlling the oxidation of
calcium, the deposition of carbon at the electrode may
also be controlled.(104)

The direct oxidation of C,2~ also occurs at
potentials close to the cathodic limit, consistent with
the free energy of formation of CacC,.

The electrochemistry of LipCy in LiCl-KC1
eutectic appears to reveal a quite different picture.
Large decomposition potentials (2.0V) are required for the
direct oxidation of carbide, although the free energy of
formation of this salt is very small. According to
Selman(103), a Li“Li* potential shift arising from the
intercalation of graphite by Li, leading to a fall in
activity of Li, may shift the carbide oXidation potential
in the anodic direction.

Carbon deposits are similarly produced from
Li>C>. The oxidation of aluminium carbides in cryolite to
carbon at the anode has also been reported by Odegard et

al.(118).

43



44

3. EXPERIMENTAL
3.1. APPARATUS
3.1.1. Furnace and Temperature Control.

A simple vertical Kanthal-wound (20 s.w.g.) alumina
tube furnace was used. (Fig. 3.1.1) The temperature of
the furnace was controlled by a PID“SCRZ710A Eurotherm

unit, with a monitoring Pt-Pt-13% Rh thermocouple located
along side the furnace tube. This system provides a 10cm
constant temperature zone. By locating a further Chromel-
Alumel thermocouple inside the melt, the cell temperature
can be controlled to + 2K. An earthed nickel sheet lining
the furnace provided a faraday shield for the electrodes,
from inductive currents generated by the furnace windings.
3.1.2. Electrochemical Cell.

The cell assembly and arrangement are shown
schematically in Fig.3.1.2a. The cell consisted of a lower

round bottomed silica glass envelope, 55mm. in diameter

and 200mm long in which an alumina crucible (40mm dia.
100mm high) contained the melt. This crucible rested on a
bed of graphite impregnated asbestos sheet, which also
lined the silica envelope, to protect it from "splashes".
This cell was topped by a pyrex head. A vacuum tight seal
between the head and lower envelope was achieved by
squeezing silicone grease between the ground glass
flanges, the pressure being applied by two bulldog clips.
Quickfit SQ13 and SVL22 screw cap Jjoints in the cell head
allowed cell components to be introduced and removed. Also
a side arm allowed the cell to be attached to a gas and
vacuum line.

CaC03, and CaC, could be added to the cell using
the assembly shown in Fig.3.1.2b.
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3.1.3. Vacuum and Gas Supply.

An integrated gas and vacuum line was used to produce
pressures down to 1 X102 torr and argon-carbon dioxide
environments. Two gas bags also allowed the maintainance
of these environments by balancing the cell pressure
against the external atmospheric pressure. The vacuum
being generated by an Edwards ED 200 rotary pump and
measured by an Edwards G5C-2 pirani gauge. Argon from a
high purity cylinder (99.999%) was further purified by
passing it through self indicating silica gel and ’'3A°
molecular sieve to remove water and other gases. The gas
was also passed through titanium beads heated to 700°C to
remove oxXxygen. Hydrogen chloride gas was also purified
prior to use for purification by passing it through
molecular sieves and silica gel. The molecular sieves and
silica gel were regenerated before each experiment, by
heating to the necessary temperatures under vacuunm.
Similarly the titanium beads were replaced when oxidised.

3.1.4. Electronic Equipment.

All electrochemical measurements and electroplating
processes were carried out using a three-electrode
potentiostatic circuit (Fig.3.1.4) using a Thompson (259)
IR compensating potentiostat and a Princeton Applied
Research (+75) sweep generator. The current-voltage
transients being recorded on a Bryans 29000 A4XY
recorder.

3.1.5. Electrodes.

wWorking electrodes:

Tungsten and platinum working electrodes were
used. (Fig.3.1.5). Tungsten electrodes were made from 0.87
mm. wire sheathed by a very close fitting alumina tube
leaving the last millimetre exposed to the melt. This wire
was sealed into 6mm alumina tubing. The exposed tip was
then polished to give a mirror finish, washed with

distilled water and dried with acetone before each use.
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The platinum electrodes were simply made by
looping a short length of wire through a longer
nickel“chrome supporting wire and sealing this wire into
alumina tubing leaving the bottom two millimeters exposed.
These electrodes were also polished and washed as
indicated above.

Plating Electrodes:

Stainless steel sheet cut into ~ 1.0cm x
3.0cm. coupons were electropolished using H3P04(40%)-
H>S504.(35%)-Cr03(3%)-H>0(22%) (119),and washed in distilled
water, and dried with acetone. Copper wire looped through
a hole in the coupons provided the electrical connection,
and was also sealed into a silica tube. Titanium plating
electrodes were made simliarly but polished in 2%v~- v HF
soln.

Counter Electrodes:

Graphite counter electrodes were used in both
electrodeposition and electrochemical analysis. 3.0 mm.
diameter rods (30cm. long) were sealed into 6mm. alumina
tubing (Fig. 3.1.5)

Reference Electrodes:

Platinum quasi reference electrodes were
used.(120) 30cm. lengths of wire were sealed into
alumina tubing. The tube was then dipped into the full
depth of the melt to allow maximum area to be in contact
with the melt, whilst stopping contact with other
electrodes. (Fig. 3.1.5)

Anodic Dissolution Electrodes:

Molybdenum rod and a titanium block, having
large surface areas were supported by threaded stainless
steel rods sealed into alumina tubing. The molybdenum rod
was pre-electropolished in a sulphuric acid, methanol

solution (119) and the titanium etched with 2%v.~v HF.



52

3.2. CHEMICALS AND MATERIALS
The details of the chemicals and materials used in

experimental work are given in Table 3.2.

Chemical or Material Grade Supplier
CaCl5.2H,0 analaR BDH Chemicals Ltd.
CaCoO4 " " " "
CaC> technical Aldrich Chemical Co.
Graphite rod ultra pure Johnson-Matthey
Au,Pt wire spec. pure " "

Ti sheet " " "

Mo rod " " "

Ti block " " "

Argon High purity B.0.C Ltd.

COo> " " " "

HC1 " " B.0.C Special gases

Table 3.2. CHEMICALS AND MATERIALS
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3.3. EXPERIMENTAL PROCE DURE
3.3.1. Preparation of the Cell.
Analytical grade CaCl;.2H>0 was initially

dehydrated by vacuum drying at 2509C, raising the
temperature slowly and maintaining this temperature for 3
days, whilst the vacuum stablised at > 10~3 torr. The
CaCl; produced was transferred to a dry box to stop
rehydration.

All glassware in contact with the melt was
soaked in 1:1 sulphuric“nitric acid bath for at least 24
hrs, to remove any adsorbed ions, washed with distilled
water and acetone and dried. Approx. 509 of CaCly was
placed in the alumina crucible and the whole cell
assembled with a chromel-alumel thermocouple buried in the
salt, with all other Jjoints in the cell head sealed to
allow good vacuum to be achieved, for purification. The
cell was then placed in the furnace.
3.3.2. Melt purification.

The CaCl, was purified by vacuum drying and by

bubbling hydrogen chloride gas through the melt. This melt
requires purification due to the presence of hydrolysis
products as a result of the hy groscopic nature of CacCl,.
Various methods have been employed to reduce and
remove these impurities , use of anhydrous hydrogen
chloride (121,122),0r chlorine (123) or vacuum pre-
electrolysis (124) or by a combination of these. All of
these treatments are usually completed by a filtration
step, but this requires the melt to be transferred before
electrochemical analysis. To avoid melt contamination
during transfer, in situ purification in the
electrochemical cell was used and any solid impurities

allowed to settle out.



A critical review by White(125) suggests the
effectiveness of each of these approaches.

Thus using the cell shown in Fig.3.1.2a.
purification proceeded as follows:

The whole apparatus was slowly evacuated until a
pressure of < 10~2 torr was achieved, whilst heating to
6009C and then maintained there for at least one day. The
cell was then filled with argon to atmospheric pressure
and a bubbling tube lowered into the powder. HCl was then
bubbled whilst heating through fusion and bubbled for a
further four hours, the melt temperature rising to approx.
8500C. Residual HCl1l was removed from the melt by bubbling
with argon for at least 8 hrs.

HC1 bubbling allows the hydrolytic equilibrium
to be pushed to the left (121):

H>0 + C17 OH™ + HC1 (3.3.2)
The water vapour produced is flushed out by the HCl gas.

The bubbling tube was then removed and the cell atmosphere
balanced with an argon bag to stop air leaking into the
cell. The purity of the melt was then checked using cyclic
voltammetry, before beginning electrochemical
experimentation. A typical response for a purified CaCl,
melt is shown in Fig.3.3.2 at a tungsten electrode. The

melt range indicated by this voltammogram is > 2.7 V, but
there is a gentle rise in residual current at -1.7 V wrt.
Pt Quasi ref. electrode. Cycling to the cathodic limit
and potentials near it, can result in significant
dissolution of calcium, resulting in loss of melt range.
This calcium may also allow chemical reductions to
occur.In order to avoid this effect cycling past -2.3 V

was avoided.
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3.3.3.Electrochemical experimentation.
Electrochemical studies of Mo, Ti, C03%” and

sz‘ in CaCl, were carried out using cyclic voltammetry.
The applied signal and idealised response for sweep
voltammetry are shown in Fig.3.3.3. Potential scans were
commenced at potentials where no current was seen to flow

and the resultant i“E curve recorded at various scan rates.
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Fig. 3. 3.3 APPLIED SIGNAL (a), RESPONSE (b) FOR

CYCLIC VOLTAMMETRY



3.3.4. Electrodeposition.
The electrodeposition of molybdenum, carbon and

titanium on to stainless steel or titanium was achieved by
controlled potential electrolysis, either by holding the
potential of the working electrode (substrate) at some
suitable value, for various potentials and deposition
times, or by cycling between two potentials, for varying
potential ranges, sweep rates and deposition times.

3.3.5. Deposit Analysis.

After plating the electrodes were washed in
running water to remove melt from the deposit and dried.
The composition and morphology of these deposits were
analysed by scanning electron microscopy (JEOL-T200) and
x-ray diffraction using a Phillips X-ray generator with a

copper target.
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4. ELECTROCHEMICAL BEHAVIOUR OF ANODICALLY DISSOLVED
MOLYBDENUM

4 1 INTRODUCTION
This chapter investigates the electrochemical

behaviour of anodically dissolved molybdenum in CaCly at
temperatures from 812 to 864 OC, and for concentrations
from 2.5 x 1073 to 27 x 1073 moldm™3.

Observations during the course of experiments
showed that a volatile species is produced and Mo metal is
found at the melt/crucible interface indicating that a
disproportionation reaction is occuring in thié melt.

Initial investigations gave rise to complex cyclic
voltammetric responses with three peaks varying at
different sweep rates, although it is generally agreed
(126,94-96) that molybdenum anodically dissolves to form 3*
species forming complex anions with chloride ions. The
effect of 1) sweep rate, 2) concentration, 3) temperature
and 4) time on these electrochemical and chemical reactions
are considered here:-
4.2.CYCLIC VOLTAMMETRIC ANALYSIS OF Mo(III) IN CacCl,

A Mo rod was anodically dissolved by constant
potential electrolysis at O V wrt. Pt QRE.. Typically a
current of 0.5 A flowed for an electrode area of 3.77 cm?.
Upon removal of the rod, 15 - 20 mins. were allowed for the
melt to reach equilibrium, before cyclic voltammetric
analysis using tungsten and platinum working electrodes was
performed.
4.2.1.Effect of sweep rate.

The cyclic voltammogram Fig.4.2.1.1 shows a
typical response at a tungsten electrode. Three cathodic
and two anodic processes are observed varying with sweep
rate. The first process is a well defined wave occuring at
a peak potential (BPC) of approxX. -0.45 V wrt. Pt. No

clear corresponding anodic wave is indicated, although a
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reoxidation wave may be mixed with the anodic limit of the
melt. At more cathodic potentials a second well defined
wave occurs at Epc = -0.735 V. At slow sweep rates a

even more cathodic process is indicated at Epc = -0.945 V
wrt. Pt. The influence of sweep rate on these processes

is given in table 4.2.1.1.

Peak 1

v ip® ip¢ (mAs1’2  ELC(1)  Ep.2°(1)  ERC-En-2C(1)
(my P P o p/ p Eps

7s)  (mA) v172 mVir2y  (v) (V) (mV)
20 0.14 0.0316 -0.430 -0.375 -55
50 0.28 0.040 -0.440 -0.380 -60
100 0.47 0.047 -0.455 -0.390 -65
200 0.56 0.040 -0.485 -0.400 -85
500 0.85 0.038 -0.525 -0.430 -95

Table 4.2.1.1a. VOLTAMMETRIC PARAMETERS FROM Fig 4.2.1.1.
These results indicate that for the first
process, that the cathodic peak potential Epc(l) shifts
cathodic with increasing sweep rate and similarly the half
Peak width (EPC—EP/Z(i)) increases with increasing sweep

rate.
The cathodic peak current ipc(i) increases with

increasing (sweep rate)l”2 (v172)(Fig.4.2.1.2.), but the
more sensitive current function ipc/vi/2 shows
fluctuations with sweep rate, at low sweep rates.
Fig.4.2.1.3. As indicated above any anodic response may be
"lost"” in the anodic limit of the melt, but as no shoulder
is observed at low sweep rates, it may be assumed that
there is no anodic wave.

The above results can be analysed according to
those for a reversible charge transfer, followed by an
irreversible chemical reaction.(127) For such a process,

the cathodic peak potential is predicted to shift cathodic
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Peak 2

v ipf(2)  ip3(2) ipt (masl’2 i @i C EpC(2)  EpC(2)  Ep3(2) EpC-Ep 0(2) EpC-Ep?(2)
(mv
’s) (mA) (mA) vl72 mv172)  (ma) V) (V) V) (mv) (mv)
20 - - - - undulating plateau - - -
50 -— — — — 1] i — — -
100  0.61 1.83 0.061 3.00 -1.015 -0.945 -0.740 -70 -275
200 0.85 2.35 0.060 2.76 -1.030 -0.960 -0.735 -70 -295
500 1.31 3.32 0.059 2.53 -1.080 -0.990 -0.710 -90 -370

Peak 3

i C i a N <172 S VX T C C a C_ c C_py a
/s)  (mA) (ma) vi72¢ mv172) (mA) ) V) V) (mv) (mv)
20 0.38 0.78 0.08 2.06 -1.400 -1.340 -0.945 -60 -455
50 0.47 0.94 0.07 2.00 -1.390 -1.320 -0.940 -70 -450

Table 4.2.1.1b. VOLTAMMETRIC PARAMETERS

FROM Fig 4.2.1.1.
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by -30.T mV for a 10 fold increase in sweep rate (v) for
298 . n

small v. Substituting the value of -60mV, an n value of
1.84 can be calculated. If the rate of the chemical
reaction is large in comparison with the parameter nFV/RT
then no anodic current is observed. Similarly under these

conditions, the half peak width (EPC—EP/Z) =-48.T mV
298.n

which gives an n value of 2.45 using the mean value.

The above factors could also apply to the special
case of the above reaction scheme, of reversible charge
transfer followed by an irreversible dimerisation of the
reduced product. Using these conditions(128, 129), the half

peak width=--39.T, substituting the mean value, gives an n
.n

value of 1.99. A plots of 1og(ip;1) against peak potential
1

is linear, with a gradient of 10.55 V‘l, giving an an
value of 2.29 and the corresponding log(ip-i) plot is
curved. (Figs. 4.2.1.4-5)

The main effects of sweep rate on the response
are evidenced by the presence and absence of the second
and third peaks according to the sweep rate. At low sweep
rates the 3Trd peak is observed and the 2nd may appear as
an undulating plateau, for 20 and 50 mVsec‘l. whereas at
100, 200 and 500 mVsec~1, the 2Nd peak is well defined, but
the 3Td is not present.

For sweep rates of 100-500 mVsec~1 the 2nd cathodic

peak potential EPC(Z) shifts cathodic with increasing
sweep rate, and the half peak width (EPC—EP/Z(Z)) is
constant for 100 and 200 mVsec~ 1 at -70mv, but increases
at 500 mVsec~1. The anodic peak potential shifts anodic
with increasing sweep rate and so the peak to peak
potential (EPC—EPa(Z)) also increases with increasing

sweep rate. The cathodic peak current increases linearly
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with (sweep rate)l”2, with a zero intercept, (fig.4.2.1.6)
but the more sensitive current function (ip/v1’?)
decreases with increasing v and thus implies the presence
of coupled chemical reactions. The ratio of iPa/ipc also
decreases with increasing v.

These results may be analysed according to a
proceeding dissociation reaction followed by a reversible
charge transfer, reaction scheme(130, 131), especially for
low sweep rates where the undulating plateau current ipc
is independent of v, and the plateau potential shifts
anodic with increasing v. These responses suggest that K
for the dimerisation reaction is small. At faster sweep
rates (100-500 mVsec"l) the response may approach that for K
is large. Plots of log(jp%g) and log(ip-i) against potential

are linear and curved respectively.(figs.4.2.1.7-8) The
gradient of the 109(1P:3) plot is 11.28 v-1 and gives an
i

an value of 2.46.

At low sweep rates, 20 and SO mVsec~1 the 3Td
cathodic peak appears. For these two peaks the cathodic
peak potential EPC(B) shifts anodic with increasing sweep
rate, whilst the half peak width and the peak to peak
separation are almost constant at -65 mV and -425 mV
respectively, the latter indicating a reversible process.
These factors correspond to the reversible chemical
reaction followed by an irreversible charge transfer

model. (130, 131) The plots of log(ip;g) and log(ip—i) against
i

potential are both linear, indicating the breakdown of the
analysis, which is probably due to the presence of coupled
chemical reaction precgeding the charge transfer itself.
This may manifest itself in the waveform obtained by
cyclic voltammetry. (Figs.4.2.1.9-10)

These results indicate an E.C.E. type reaction

scheme 1is occuring: -
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0 + Ze —> R (E) (1)
2R = Z (C)
R + 3e — > R’ (E) (2) when K is small

and’or Z + 2(3e) =———= 2(R') (E) (3) when K is large

The cyclic voltammetric response at a platinum
electrode is shown in Fig.4.2.1.11. It is very similar to
that noted at tungsten, with 3 cathodic and 2 anodic
waves. The first two waves are less well defined than at
tungsten (Ep°(1) = -0.38 V and EPC(Z) = -0.86 V with a
correspdnding oxidation wave at -0.33 V. The 3Td peak is
more clearly defined than at tungsten, with a cathodic
peak at -1.22 V and a corresponding anodic peak at -0.73
V. This response cannot be considered more rigorously as
the voltammograms were found to be difficult to reproduce,
and the electrode was observed to lose its "bright" finish
during sweeps. Alloy formation is likely to give rise to
these effects. The similarity of the responses however
indicates that the same reactions are likely to be
occuring at both Pt and W electrodes.
4.2.2.Effect of concentration.

Fig.4.2.2.1. shows a typical cyclic voltammogram

at tungsten, 15 minutes after the anodic dissolution of
molybdenum. This response follows that of Fig.4.2.1.1.but
the concentration of molybdenum is half that in
Fig.4.2.1.1. Table 4.2.2.1. summarises the various
parameters and their variation with sweep rate at this
concentration. Table 4.2.2.2. further indicates how some

of these parameters vary with concentration from 10.55 -

53.76 mmolal Mo(III), (5.11 - 26.06 X 10”3 molar), at sweep

rates of 50 and 100 mVsec~1.
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Peak 1

oy ip€(1) ip® (mwAs1”’2  EpC(1) Ep 2°(1)  EpC-Ep 2%(1)

’s) (mA) v172 py172, (V) (V) (mV)
50 0.047 0.007 -0.490 -0.410 -80
100  0.070 0.007 -0.505 -0.420 -85
200  0.117 0.008 -0.530 -0.420 -110
500 0.211 0.009 -0.620 -0.470 ~-150

Table 4.2.2.1a. VOLTAMMETRIC PARAMETERS FROM Fig 4.2.2.1.

From these tables it can be seen that peaks
Epc(l) and }:pc(3) move anodically with increasing
concentration, whilst EPC(Z) appears to move cathodically
initally and then anodically at higher concentrations.
The half peak width (EPC—BP/ZC(l)) is essentially constant
at -70 mV, but the corresponding half peak widths for
peaks 2 and 3 decrease with increasing concentation. The
large degree of scatter in these points does not allow any
real trend to be noted. The peak current for each peak
rises increasingly with concentration, (Figs. 4.2.2.2-
4.2.2.3.) the 2nd pPeak current rising more rapidly than
that for the 1St and 3Td, This trend is shown by the
increasing ratio of JPC(Z)/JPC(l) and JPC(Z)/JPCO). The
plots of log(Jpc) with log(conec.) (figs.4.2.2.4.-5)
indicate that a simple power relationship between JPC and
concentration is unlikely, due to the scatter of the
points, but "best line" plots give a markedly longer
concentration dependence than 1. Mean gradients of 1.7,
1.3 and 1.3 are determined for Jpc(i),JPc(Z)and J‘PC(B)
respectively.

The anodically shifting potential is further
evidence of coupled chemical reactions associated with
these peaks, but in a E.C.E. mechanism as suggested in
section 4.2.1., JPC should be directly proportional to
concentration. This markedly longer relationship and the

scatter noted above may arise from the disproportionation



Peak 2

. . . / . .
Ymv ipf(2)  ip3(2) i (mAsl’2 i 31,0 ERC(2)  Epp®(2)  Ep(2) EpC-EppC(2) EpC-Epi(2)
7s)  (mA) (ma)  v72 avl72)  (ma) (V) (V) (V) (mv) (av)
50 - - - - - - - - -
100 0.129  0.246 0.013 1.907 -1.050  -0.920 ~0.730 -130 -320
200 0.246  0.364 0.017 1.48 -1.060  -0.930 -0.700 -130 -360
500  0.293  0.587 0.013 2.00 -1.080  -0.930 ~0.660 -150 -520
Peak 3
- ipt(3)  ip3(3) ip® (mAsl’2  ipd/inC  EpC(3)  Ep%(3)  Ep(3) EpC-Ep pC(3) EpC-Ep3(3)
7s)  (mA) (ma) v172 mvl72)  (ma) (V) (V) (V) (mv) (mv)
50 0.094 0.317 0.013 3.37 ~1.425 -1.11 -0.920 -315 -505
100  0.117 0.410 0.012 3.50 ~1.430 -1.11 -0.920 -320 -510

Table 4.2.2.1b. VOLTAMMETRIC PARAMETERS

FROM Fig 4.2.2.1.

gL



1o0omVsec~1

cone.  Jpt(1)  3pt(2) Jf3) Gt 3pt(2) Jt3))  ES()  Ef() E(3) EpEp (1) EpEpa(2) EpEpa(3)
(mplal) (Wer’) (Wer?) (mvem) Jpt(1)  Jpt(3) gty (V) v W (V) (uv) ()
10.55 0.006 0.0030 = 0.5 - - -0.555 -0.840 - -85 -140 -
20.79 0.005 0.0085 0.008 1.70 1.06 1.60 -0.505 -1.050 -1.425 -85 -130 =320
31.91 0.008 0.0090 0.009 1.125 1.00 1.125 -0.475 -1.080 -1.450 =15 -90 -70
42.98 0.018 0.0240 - 1.33 - - -0.455 -1.015 - -70 -60 -
593.76 0.013 - 0.018 - - 1.30 -0.505 - -1.390 -85 - =70
50 mVsec 1

conc.  Jpt(1)  Jt2) I3 3pf2) Gt 5pt3))  Ef()  EC(2) ES(3) EpEpa(l) EpEpa(2) EpEpo(3)
(molal) (Wer?) (wver?) (wvem?) Jpf1)  3pt(3) gty (V) VM W (V) (V) (V)
10.55 0.003 0.004 - 1.33 - - -0.530 -0.820 | - -100 -110 -
20.79 0.003 - 0.006 - - 2.00 -0.490 - -1.430 -80 - =315
31.91 0.004 0.012 0.012 3.00 1.00 3.00 -0.460 -1.030 -1.430 -80 -90 -50
42.98 0.011 0.024 0.018 2.18 1.33 1.64 -0.440 -1.015 -1.390 -60 - =75
33.76 0.007 - 0.018 - - 2.57 ~0.455 - -1.370 -60 - =70

Table 4.2.2.2. EFFECT OF CONCENTRATION ON CYCLIC VOLTAMMETERIC PARAMETERS,
AT 1097K AT TUNGSTEN.ELECTRODES.
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reaction indicated in section 4.1, in combination with an
E.C.E. reaction scheme.
4.2.3.Effect of temperature

The marked effect of temperature on the cyclic

volt.;.lmmetric response at a tungsten electrode is shown in
Fig.4.2.3.1. At 864°C (c) both the 1St and 2nd peaks shown
in (a) and (b), at 8249C and 8519C, are no longer

observed. Table 4.2.3.1. indicates how the current density
varies with temperature and concentration at a sweep rate

of 200 mVsec™ 1.

Temp. JpC(1) Jpt(2)  JpS(3) conc. conc.-T172
(°C) (mAcm~2) (mAcm~2) (mAcm™2) (mol- dm~3) (mol-1.XK172)

812 1.06 1.06 1.59 3.83%x1073 1.16x10~%
824 0.429 0.86 - 5.11x10°3 1.54x10~%
851 0.429 0.62 0.62 4.40x1073 1.31x10"%
864 - ' - 1.72 6.79%10~3 2.01x10%

Table 4.2.3.1. VARIATION OF CURRENT DENSITY WITH
TEMPERATURE
A relative drop in current density for increasing
temperature for the 15t and 209 peaks is observed, when
accounting for the concentration differences. The 3rd peak
current density however, decreases and then increases.
This temperature effect is complex. One would expect
the current density to rise with temperature as electrode
reactions should occur more readily, but changes in the
stability of the species giving rise to the peaks may
bring about this sort of behaviour, especially as a
disproportionation reaction is observed to occur.
Similarly disassociation reactions will occur more readily
at higher temperatures. Only the most stable species will
remain in solution and thus a loss of species can give
rise to a falling current density. This variation of
temperature with current density allows the diffusion

coefficient for the reacting species for each peak to be
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calculated, if the electrochemical reactions are those

indicated in section 4.2.1.

peak 1
0O + 26 —————= R (a)
2R z (b)
when K is small (b) becomes more irreversible:
then Jp = 0.53(nF)372,(Dv)172.c/(RT)1 2 applies to

this peak, using the mean values of JP and C/T1-2. 0.661
mAcm~2,1.34x10"% mo1-1K172 and that v = 0.2 Vsec™! and n =
2, the diffusion coefficient becomes 8.77x1076 cm?sec™1 at
approx. 8290C.
peak 2 and 3

Z ———= 2R (c)

R (d)

R + 3e

when K is large, peak 3, dissociation occurs less
readily and Jjp = 1.087(nF)372,(D,v)172.c/(RT)172 applies
to this peak, using the mean values of Jjp and C/T1.2,1.31
mAcm’2,1.4~9 x10™% mol1-1k172 and substituting as above, D,
becomes 6.62x10°® cm2sec™! at approx. 842°C.
when K is small, peak 2, dimerisation is not favoured and
Jp = 1.155(nF).(Dovkp)172.(kC)374/(RT)”2 as the value of
K and Ky are unknown, D in this case cannot be calculated.
4.2.4.Effect of time

Figs.4.2.4.1.-2 show the effect of 15 hours on a

melt containing 53.76x10 3molkg~™1 solution of Mo(IlI). Loss
of the 2nd cathodic peak is indicated and the relative peak
currents decrease. These results indicate the instab:\lity

of the anodically dissolved species. Table 4.2.4.1. shows

the main changes after 15 hours at a sweep rate of 200

mVsec~ 1.
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t Jpt(1) Jp%(2)  JpS%(3)  EpS(1) Ep®(2) ERS(3)
(hrs.) (mA-cm?) (mA-cm?) (mA-cm?) (V) (V) V)
0.25 0.24 0.169 -  -0.51 -1.085 -
15.00 0.061 - 0.047 -0.57 - -1.52

Table 4.2.4.1. THE EFFECT OF TIME ON VOLTAMMETRIC
PARAMETERS

The substantial current drop in the net current reveals
that electroactive species are lost with time and thus
must be unstable at these temperatures. Almost complete
loss of the species giving rise to peak two is shown, and
the clearly defined 3rd peak after 15 hours, indicates the
'probable formation of the species corresponding to this
peak from a proportion of that which after 15 minutes was
the species giving rise to the 2Rd peak. The
disproportionation reaction indicated in 4.1. is likely to
be responsible for the above behaviour.
4 3. DISCUSSION.

A possible reaction scheme to give the above
responses is:-
A disproportionation reaction:—

5(MoClg)3~ ———— 2Mo + 3MoClg + 15C1~

and electrochemical” chemical reactions: -

Mo°* + 2e Mo3+
2(MoClg)3~ (Mo>C19)3~ + 3C1~
(MoClg)3~ + 3e Mo + 6C1~

The disproportionation of the (M0C16)3’ species added by
anodic dissolution would give rise to the Moo+ species and
thus the presence of the first cathodic peak observed. The
variation of the response with sweep rate reveals the
nature of the E.C.E. reaction scheme indicated above, so
that at slow sweep rates the monomer species (MoC16)3‘
which is produced by the reduction of the Mo®* is able to
dimerise before reaching its reduction potential (to

molybdenum) and then dissociation is required before
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reduction to Mo. Thus the 3Td cathodic peak can be
accounted for. At faster sweep rates, there is
insufficient time for this dimerisation to occur before
the reduction potential to Mo is reached and thus the 2nd
cathodic peak is formed. Mixtures of this behaviour are
also observed as might be expected if these reactions can
occur to some extent. The calculated n values 2,3 and 3
for peaks 1,2 and 3 respectively also support the above

reaction scheme.
The effect of concentration also indicates the

monomer-“dimer equilibrium, as increasing the concéntration
should enhance the formation of dimers and thus the noted
increase in the peak current for the 3Td peak. Similarly
increasing the concentration of (M0C16)3’ should increase
the amount of MoS* produced by disproportionation and thus
the rise in the 1St peak cathodic current. The anodic

shifts of peak potential with increasing concentration

also indicate an E.C.E. scheme is occuring.

Increasing the temperature gives rise to what
might appear anomalous effects, as the dimer-“monomer
equilibrium should favour the monomer at higher
temperatures, but it is the 3rd peak (dimer) that is
observed at the highest temperatures. However this does not
consider the stability of the monomer species itself. The
disproportionation reaction forming volatile MoClg and Mo
noted at all temperatures will be enhanced at higher
temperatures and thus the only electrochemically active
species remaining in the melt will be the dimer. The
stability of the dimer at > 8509C may also be due to the
acidity of CaCl,. The calcium ion "capturing” chloride
ions and thus reduces the available chloride ions for
complexing with the Mo, and so favours the dimer. This
effect has been noted by Phillips and Osteryoung (93) using
NaCl-Al1Cl3 melts, who found that as the acidity of the melt
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was increased, l1loss of M00163" occurred. The effects noted
with time may arise from the same factors. This behaviour,
dimer/monomer formation, disproportionation and melt cation
effects have been noted by other workers (94-97). Senderoff
and Mellors(95) also calculated the diffusion coefficient of
the monomer at 800°C in a LiCl-KC1l solvent and determined a
value of 3.87x107° cm2/sec. The values calculated for the
Mo5* species and the dimer in section 4.2.3. of 8.77x10°%

and 6.62x10™% appear reasonable for the increase in charge
and size of the ions compared with the monomer. The effect
of melt cation is noted by White and Twardoch (94) in CsCl-
LiCl and KC1-LiCl melts at 4509C,shifting the monomer-dimer
equilibrium. These workers also note only one anodic process
for both monomer and dimer, but at the slow sweep rates in
this melt, two peaks are observed. The sharp peak
correponding to the dimer peak may indicate a stripping

Phenomena rather than an oxidation reaction.
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S.THE ELECTROCHEMICAL BEHAVIOUR OF CALCIUM CARBONATE

SA.INTRODUCTION

This chapter investigates the electrochemical
behaviour of calcium carbonate additions dissolved in
CaCl, at temperatures from 824 to 844 ©C and for
concentrationsvfrom 9.75 to 183.09 x10 3molkg~! calcium
carbonate. ,

The instab;\lity of calcium carbonate at these
temperatures was expected and thus the probable loss of
carbonate ion by thermal decomposition to the oxide and
carbon dioxide. The observation of gas evolution ang the
voltammograms obtained after carbonate addition indicated
this sort of reaction was occuring. In order to suppress
this decomposition the use of a carbon dioxide, rather
than argon atmosphere over the melt, was considered.

Cyclic voltammetric investigations of this
decomposition reaction and the electrochemistry of
carbonate ions ,in molten calcium chloride are considered
below, showing the effects of varying sweep rates,
electrode material, carbonate concentration and melt
atmosphere.
5.2.CYCLIC VOLTAMMETRIC ANALYSIS OF CaCO3 IN CacCl,.

Pellets of calcium carbonate were added to pure
molten calcium chloride and analysed at tungsten and
pPlatinum electrodes. These responses were markedly
affected by both the time after addition and the condition
of the electrode surface. After cycling, subsequent cycles
were inconsistent with the first. The carbon coating
observed on the electrode was assumed to be responsible
for this effect. The time after addition, although not
revealing a change in the morphology of the voltammogram,
gave rise to increased peak heights, and slight cathodic
shifting of the peaks with increasing time after addition.

This is most liKkely due to the time required for the
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pellet to dissolve. The use of freshly polished electrodes
for each sweep and allowing two hours for the dissolution
of the pellets gave reproducible voltammograms.
5.2.1.Effect of sweep rate.

The cyclic voltammogram (Fig 5.2.1.1.) shows a

typical response obtained at a tungsten electrode, for
various sweep rates. Two cathodic and one anodic wave can
be observed. The first couple appears at approx. -0.62 V
w.r.t. Pt Q.R.E. and a single more cathodic wave is found
at approx. -1.08 V at 100 mVsec 1. After sweeping past
this potential a black carbon coating is formed on the
electrode, which is not removed on reversing the potential
sweep. These three processes are observed for all sweep
rates and the effect of sweep rate on cyclic voltammetric
parameters is given in tables 5.2.1.1,5.2.1.2,, for the

15t peak (cathodic and anodic) and the 204 peak
respectively, for a solution containg 60.22 x10‘3molkg'1
calcium carbonate.

Table 5.2.1.1. indicates that for the first peak,
the peak cathodic potential (}:Pc) shifts more cathodic
with increasing sweep rate, and that both the half peak
width (EPC-EP/Zc(l)) and the peak to peak potential
(Epc—Epa(l)) increase with increasing sweep rate. This
implies that the process becomes more irreversible with
increasing sweep rate. The peak current is directly
proportional to vi’e, (Fig.5.2.1.2.) and the current
function ip€-/v172 is virtually independent of v,
especially at lower sweep rates.

This response may be analysed according to the
quasi reversible charge transfer model(132,133). According

to this model the peak to peak separation is equal to
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Peak 1

oy ip€(1)  ipa(1) ipC (masl’2 i3/ 0 EpC(1)  Ep®(1)  Epf(1) EpC-Ep®(1) EpC-Epd(1)
/sy (mA) (ma)  v172 wl72)  (ma) (V) (V) (v) (mV) (mv)
100 0.047  0.038 0.005 0.8 -0.62 -0.41 -0.47 -210 -150
200 0.070  0.047 0.005 1.5 -0.64 -0.45 -0.44 -190 -200
500 0.108  0.075 0.005 1.44 -0.645  -0.46 -0.43 -185 -215
1000  0.417  0.117 0.004 1.00 -0.655  -0.47 -0.42 -185 -235
2000  0.155  0.164 0.003 1.06 -0.68 -0.51 -0.39 -170 -290
Table 5.2.1.1. VOLTAMMETRIC PARAMETERS FROM Fig 5.2.1.1.
Peak 2
. . /7
v ip¢(2) ip¢ (mAs172  EpC(2)  Ep®(2)  EpS-Ep¢(2)
(mv = ~
7s)  (mA) vi72 gvi72) (V) (V) (av)
100  0.056 0.006 -1.08 -0.85 -230
200  0.080 0.006 -1.15 -0.87. -280
500  0.127 0.006 -1.27 -1.03 -240
1000  0.164 0.005 -1.36 -1.04 -320
2000 0.174 0.004 -1.40 -1.065 -335

Table 5.2.1.2. VOLTAMMETRIC PARAMETERS FROM Fig 5.2.1.1.
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-(60.T)7(298.n)mV. At the lowest sweep rate this gives an
n value of 1.47. Plots of log(ip-i) and log(ip-i) against
i

Epc are shown in Figs 5.2.1.3,5.2.1.4. The linear
log(ip-i) has a gradient of 5.44 V"l, which gives an
i

an value of 1.18.

Similarly considering peak two, table 5.2.1.2.,,
the lack of anodic response indicates that this process is
irreversible. Both the cathodic peak potential and the
cathodic half peak potential shift cathodic with
increasing sweep rate, and the peak potential is
proportional to the natural log. of v.(Fig.5.2.1.5). The
peak cathodic current is directly proportional to vil72
(Fig.5.2.1.6.) and the current function (ipc/vl/z) is
constant at lower sweep rates, but increases as v
increases.

These factors all indicate that a reversible
process with an insoluble product is occuring at the
electrode. According to this model, the cathodic peak
potential and the cathodic half peak potential should
shift by -(30.T)7(an.298)mV for a ten fold increase in
sweep rate. Taking the mean value of 229mV an an value
of 0.48 is calculated. Also the cathodic half width should
be equal to -1.857(RT)”(anF) V and similarly gives an
an value of 0.62. The plot of Epc against 1n v gives
an an value of 1.16. Plots of 109(12;1) and log(ip-1i)

against Epc are shown to be non linear in Figs 5.2.1.7 and
5.2.1.8. This also indicates the irreversibility of this
process.

These responses indicate that a quasi reversible

process is occuring at approx. -0.62 V :-
0 + 2e R

and that an irreversible process occurs at approx. -1.08 V.

O+ ne — >R
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A very similar response is noted at a Pt
electrode. Fig.5.2.1.9. The cathodic peak corresponding to
the first peak at tungsten is not observed, the waves are
displaced to more cathodic potentials. Table 5.2.1.3.
shows the variation of cyclic voltammetric parameters with
sweep rate.

Table 5.2.1.3. shows that as at the tungsten
electrode the cathodic peak potential and the cathodic
half peak potential shift cathodic with increasing sweep
rate. The cathodic peak potential is proportional to 1n v,
Fig.5.2.1.10. The cathodic peak current is directly
proportional to v172 (Fig.5.2.1.11) and the current
function is independent of the sweep rate. The above
factors again indicate that an irreversible process is
occuring at the electrode, with an insoluble product.
an values can be calculated as before:-
method EpC-Ep. ¢ 10x v shift EpC/-Ep 2% ERC v 1nv

an 0.56 1.36 3.53

5.2.2.Effect of concentration.

The response of carbonate ions in CaCl; at a
tungsten electrode is essentially the same for varying
concentration. Table 5.2.2.1. indicates the effect of
increasing concentration. The main effects are that, the
cathodic peak potentials (1),(2) shift cathodic with
increasing concentration and the peak currents increase
with increasing concentration. Fig.5.2.2.1. indicates that
JPC is proportional to the concentration. These factors
are consistent with an irreversible charge transfer with
an insoluble product.

To further investigate the relationship between
the two peaks observed at tungsten, the potential of the
electrode was held at -1.25 V w.r.t. Pt for varying times
and the effect on the 15! peak noted. Table 5.2.2.2. shows
the relative increase in the anodic current with

increasing holding time. Fig.5.2.2.2. shows how ipa/ipc
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v ity i) igf@mst? 1@ Ef2) Epf2) BN ES-Epof(2) Eff(2)-ER(1)

/s)  (mA) (m) v2 gyl (mA) V) v) V) (V) (V)
200 0.021 0.002 0.001 0.095 -1.38 -1.08 -0.49 -300 -390
500 0.028 0.009 0.001 0.335 -1.41 -1.095 -0.46 - =315 -950
1000 0.038 0.01¢6 0.001 0.432 -1.44 -1.12 - 0.44 -320 -1000
2000 0.054 0.026 0.001 0.684 -1.46 -1.15 -0.43 -310 -1030
5000 0.085 0.038 0.001 0.447 -1.50 -1.18 -0.40 -320 -1100

Table 5.2.1.3. VOLTAMMETRIC PARAMETERS FROM Fig 5.2.1.9.

S P D WO W
9.75 0.143 0.065 0.075 -0.61 -1.06 -0.53
60.22 0.171 0.205 0.098 -0.62 -1.08 -0.45
12155 0.434 0.788 0.359 -0.63 -1.10 -0.41
150.43 0.458 0.830 0.544 -0.64 -1.11 -0.32
183.09 0.771 0.962 0.701 -0.64 -1.12 -0.34

Table 5.2.2.1. EFFECT OF CONCENTRATION ON VOLTAMMETRIC PARAMETERS
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varies with holding time. These results suggest that the
species giving rise to the 1st peak are generated during
the process occuring giving rise to the second

irreversible peak.

tholding ipt(1) ip?(1) ipdript(1)
(sec) (mA) (mA)
30 0.027 0.025 0.93
60 0.027 0.026 0.96
90 0.023 0.027 1.17
120 0.023 0.029 1.26
150 0.023 0.041 1.78

Table 5.2.2.2. EFFECT OF HOLDING TIME ON CURRENT
PARAMETERS

5.2.3.Discussion.
The results indicated above may be explained by

an irreversible carbonate reduction, giving rise to carbon
at the electrode. The 1St peak which has a probable 2
electron quasi reversible transfer, is generated upon
addition of carbonate ions. The species giving rise to the
anodic peak is generated upon the reduction of the
carbonate ion at the 209 reduction peak. Thus a possible

reaction scheme giving rise to the above factors may Dbe:-
0527 + 2e at -0.62 V

2027 ———=

C032™ + 4e =———= 302~ + C at -1.08 V

The thermal decomposition of carbonate:-
C032- 02~ + CO,

hence the generation of the 1st peak and its enhancement by

the reduction of the carbonate ion. The formation of
peroxide and its reduction in CaCly-NaCl has been
investigated by Brookes and Inman(i1i34), although the
potentials indicated for this process in the above work
are inconsistent with those found by Brookes and Inman.

{
The irreversibhlity and the response noted at a Pt
electrode are very similar to those noted by Mo(110), but
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again the reduction is somewhat anodic of the potentials
indicated in her work. These effects may arise due to the
use of a quasi reference electrode, which although self
consistent for a particular experiment, the concentration
of other species especially oxide content affect the
actual equilibrium potential the electrode attains. Direct
comparison of potentials against those on a controlled
scale is not strictly possible, unless using the cathodic
limit as a comparison point. As indicated earlier in
section 3.3.2. the presence of free calcium in the melt
does not allow this process to be clearly defined in this
melt, and hence the difficulty in comparing potentials.
However even considering these difficulties the carbonate
reduction peak is somewhat anodic of that found by other
workers, but the acidity of the Ca2* ion may destabilise
the carbonate ion and thus reduction of this complex ion
can occur more readily. The varying an values

calculated for carbonate reduction at Pt and W can be
explained by the possible formation of carbides at the
electrode, giving rise to distortions in the wave
morphology, particularly between the response for
different electrode materials.

S5.2.4.Effect of carbon dioxide.

The thermal decomposition of carbonate ions
theoretically can be supressed by using a CO; environment,
pushing the equilibrium back to the left:-

C032- COp + 02~

Voltammograms obtained under CO; environments are markedly

different to those obtained under Ar. Fig.5.2.4.1a and Db.
show the response at W and Pt at a sweep rate of
somVsec™1l. Table 5.2.4.1. indicates the effect of sweep

rate on these responses. The activation/deactivation peaks
noted over the region -0.5 to -1.0 V w.r.t. Pt and the

well defined peak at -15 V w.r.t. Pt do not have
corresponding oxidation peaks. The response of the pure
melt under a CO> environment was considered. In order to

see whether these activation-deactivation peaks were due
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At W

: C . C 172 C C C C_ C
\(InN ip (2) ip (mAs approx Ep (1) Ep (2) Ep/Z (2) Ep Ep/z (2)
/) (mA) vi72 gy172) V) V) v) (V)
20 0.206 0.047 -0.71 -1.92 -1.17 -350
50 0.573 0.081 -0.80 -1.62 -1.42 -200
100 0.488 0.048 -0.80 -1.64 -1.46 -180
200 0.563 0.040 -1.00 -1.82 -1.65 -170
At Pt

i C i C 172 C C C C_ C
\(/mv lp (2) lp (1ImAS approx Ep (1) Ep (2) prz (2) Ep Ep’Z (2)
/s)  (m) vi“e p172) W) 42) ) (av)
50 0.516 0.073 -0.82 -1.56 -1.13 -430
100 0.535 0.054 -0.90 -1.58 -1.13 -250
200 0.600 0.042 -0.80 -1.60 -1.19 -510
500 0.507 0.023 -1.12 -1.62 -1.28 -430

Table 5.2.4.1. EFFECT OF CO>

ON VOLTAMMETRIC PARAMETERS.
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to the CO; alone or by interaction with the carbonate ions
in the melt.

Fig.5.2.4.2. shows that these peaks are present without

the carbonate ion at a tungsten electrode. Pt electrodes
gave similar responses. This activation“deactivation is
similar to that observed for gas formation at the
electrode, so a possible explaination for this behaviour
is the reduction of CO> to carbon monoxide, the more
cathodic peak observed in the presence of the carbonate
ion being dﬁe to its reduction. This peak is more cathodic
than those noted under Ar. This may be due to the
increased stability of the carbonate ion under CO> and
thus the more cathodic potentials required for its
reduction. Bartlett and Johnson (106) considering the
thermodynamics of CO, and CO32‘ in chloride melts, showed
that CO> is reduced more readily than CO32‘, and
furthermore, that CO, is reduced to CO rather than C and
the C032” to C, at these temperatures. The solubility of

CO> in the melt gives rise to the observed response.
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6. THE ELECTROCHEMICAL BEHAVIOUR OF BOTH CALCIUM
CARBONATE AND ANODICALLY DISSOLVED MOLYBDENUM IN
CALCIUM CHLORIDE.

6.1. INTRODUCTION.

This chapter investigates the effects of calcium
carbonate and anodically dissolved molybdenum on the
cyclic voltammetric response at tungsten and platinum
electrodes, for the temperature and concentration ranges
noted in chapters 4 and 5. Again chemical reactions may be
expected to occur and the formation of a pale yellow
volatile species condensed on the cell head was noted
after the addition of the second solute to the solvent.
6.2.CYCLIC VOLTAMMETRIC ANALYSIS OF CaCO3 AND MoCl3

As indicated previously in sections 4.2 and 5.2

pellets of calcium carbonate were added to the melt and

molybdenum rod dissolved into the melt. The responses at W

and Pt were found to be dependent upon the condition of

the electrode surface and on the time after addition. As

noted with the carbonate approx. 2 hours were required for

complete dissolution of the pellets and thus cyclic
voltammetric analysis was only undertaken after this time
had elapsed. Similarly, due to the formation of coatings
on the electrode after scanning, freshly cleaned
electrodes were used for each sweep.

6.2.1.Response at tungsten.

Fig.6.2.1.1. shows a typical response of a MoClj
and CO32‘ containing solution. The complex morphology
revealed does not readily lend itself to rigorous cyclic
voltammetric analysis, because the superposition of peaks
gives rise to difficulties with determining the base line
for anodic and cathodic currents. However the morphology
is generally similar to that previously noted for MoClj
and CO32‘. Table 6.2.1.1. indicates the effect of sweep
rate on the peak potentials shown in Fig.6.2.1.1. and from
this some trends can be noted, namely that the cathodic
peak potentials, Ep©(1),EpC(2),EpC(3),Ep©(4) shift
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cathodic with increasing sweep rate and Epa(Z’),Ep°(3'),
Ep€(4") shift anodic with increasing sweep rate.
Comparison of these data with those in table 5.2.1.1. and
4.2.1.1 and 4.2.2.2. show similarities for the Mo®*Mo3*
monomer and dimer, and the 02~ and C032” peaks.

YmvEpc(l) Epc(2) Ep®(3) Ep®(4) Ep?(2’) Ep(3’) Ept(4’)

7s) (V) V) (V) (V) V) (V) (V)
50 -0.62 -0.79 -1.04 -1.40 -0.34 -0.72 ~1.36
100 -0.64 -0.82 -1.25 -1.45 -0.30 -0.75 -1.30
200 -0.64 -0.78 -1.10 -1.45 -0.38 - -1.25
500 -0.67 -0.88 -1.25 -1.45 -0.25 - -1.15

Table 6.2.1.1. VOLTAMMETRIC PARAMETERS FROM Fig 6.2.1.1.

Qualitatively the cyclic voltammogram, generated by
similar concentrations for each solute, Fig.6.2.1.2., and
the addition of these curves, yields a response very
similar to that noted in Fig.6.2.1.1. Comparing these
curves, reveals that the 3Td and 4th anodic peaks are
merged in Fig.6.2.1.2.,, with a much smaller 3Td anodic
peak than is expected. At this concentration for MoCl3 in
melts containing only MoCly as a solute, the monomer peak
was not observed.(3rd peak) The presence of this peak
implies a shift in the equilbrium:-

Mo,Clg3~ + 3C1~

in favour of the monomer and hence the ease by which

2MoC1¢3~

reduction of Mo can occur. This shift may be due to the
carbonate ion, as the acidity of the calcium ion may give
rise to the favouring of the dimer in the absence of
carbonate, but the basicity of this complex oxyanion,

in comparison with chloride ions, will encourage calcium
ions to "capture”" them rather than the chloride ions and
thus allow more "complexing" of the Mo and favouring of

the monomer.
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Fig.6.2.1.3 shows the response for C032~ and Mo3* in
solution at a Pt electrode. Comparison with Figs.4.2.1.11
and 5.2.1.9. shows that this response may approximate that
for the addition of Mo3* and CO032~ separately, as for the
response at Ww.

6.2.2.Effect of concentration.

The variation of the concentration of CO32” in
comparison with the Mo3* was studied in order to
investigate, the possible effect on the acidity of the
Ca2* ion w.r.t. the Mo3* ion. Fig.6.2.1.1. shows the
response for a solution with a CO32"conc./Mo3*conc. of
2.09 and Fig.6.2.2.1. shows the response for a ratio of
0.75. The lower carbonate concentration gives rise to a
relatively larger Moo+ peak and the anodic peak
correponding to the dimer reduction is enhanced. These
effects are consistent with a change in the Mo3*
equilibrium so favouring the dimer at relatively lower
carbonate concentrations. Less oxide and peroxide ions are
generated by the decomposition of the carbonate and thus
more chloride ions are required to complex the calcium
ion, encouraging the formation of the dimer. The increased
stability of the monomer at higher CO32"conc./Mo3*conc.
ratios may also enhance the formation of MoClg by
disproportionation, but the observed peak is smaller for
higher ratios. This effect may arise by the reaction of
MoClg with oxide and peroxide, generating volatile
oxychlorides.
6.2.3.Effect of temperature.

At higher temperatures, 841°C compared with 820°C

the response at W approaches that for carbonate alone.
(Fig.6.2.3.1.) This effect is probably due to the loss of

the unstable MoCl3 species as volatile Mo(V) oxychlorides,
this would leave only the dimer peak, which is obscured by

the broad carbonate peak.
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6.3.SUMMARY

The responses indicated in this chapter possibly
show how the interaction of carbonate ions with molybdenum
ions affects the electrochemistry of molybdenum in CaCl,.
The major factor appears to be the generation of 02~ and
022‘ from the thermal decomposition of the carbonate ion,
reducing the acidity of the Ca?* ion in comparision with
the Mo3* ion. This increases the availability of Cl~ ions
for complexing, favouring the monomer form of Mo3*, when
the CaCO3 concentration exceeds that for MoCl3. The
formation of oxychlorides leads to the loss of volatile
MoS+ species. The complex response noted above and the
possible relationships between cyclic voltammetric
behaviour and the melt chemistry have been speculated.
This can only be justified by the observed co-deposition
of carbon and molybdenum for potentials more cathodic than

-1.0 V,



T.ELETRODEPOSITION OF MOLYBDENUM AND CARBON
7.1 INTRODUCTION
In this chapter aspects of the formation of

electrodeposits of molybdenum or carbon are considered.
The type of electrochemical and nucleation processes for
these reductions were investigated by chronoamperometry at
tungsten and platinum electrodes for a range of
overpotentials. Similarly the coatings produced at
stainless steel coupon electrodes, for large
overpotentials were examined by X-ray diffraction and
scanning electron microscopy to determine the type of
coating produced for various conditions.
7.2.CHRONOAMPEROMETRY

In order to obtain reproducible i-t transients
for Mo and C deposition at low overpotentials, the
electrode surface was initially cleaned by applying
an anodic pulse compared to the equilibrium potential
prior to the nucleation pulse. The equilibrium potential
for the couple Mo(III)~Mo0)(0), was taken as -0.6V w.r.t.
Pt quasi ref. at 8249C in this melt, using the cyclic
voltammetric parameters indicated in chapter 4. A wave
form shown in Fig.7.2. was applied to the working
electrode. The rest potential allows the electrode to
reach equilibrium without the reduction process
proceeding.(135) After this nucleation pulse, another
cleaning pulse was applied to help stop alloy formation.

Fig.7.2 Waveform applied for chronoamperometry.

t(sec)
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For carbon deposition the irreversiblity of this process

does not allow an equilibrium potential to be determined
and a cleaning pulse does not remove the deposit. Freshly
polished eletrodes were used for each new overpotential.

7.2.1.Characteristics of the i-t transients developed for

molybdenum deposits.

The involvement of a well defined nucleation
stage in the formation of molybdenum electrodeposits is
revealed in the potentiostatic i-t transients obtained for
different overpotentials. Instead of a typical current
decay according to t“l/z, as expected for a diffusion
controlled process,the response shows a rising current
region.Fig.7.2.1.1 shows the more complex response. After
an initial high current peak corresponding to double layer
charging, the current decays and then increases again,
before decaying according to a t 172 dependence. The
rising current region corresponds to the formation of
stable nuclei, which becomes arrested when the diffusional
zones around each nucleus overlap and for further growth
diffusion from the bulk electrolyte is required.

These curves are dependent upon the overpotential
as might be expected, due to the dependency of nucleation
on overpotential.(section 1.3.) The rising sections of
these curves were analysed to give detail of the nature of
the nucleation process occuring. Plots of log i vs 1log t
for transients obtained at a tungsten electrode for a
MoCl3 concentration of 7.28 x1073molkg™1 are shown in
Fig.7.2.1.2. yielding a gradient of 32 for each
potential. From the theory noted in section 1.4.2., this
slope corresponds to simultaneous formation and growth of
nuclei. Fig.7.2.1.3. shows this relationship and reveals
that for larger overpotentials the gradients become
greater, indicating the more favoured nucelation at these

potentials. At longer times this relationship tends to

115



'y
i [(mA)
6 4
4
0954V
24
| - 0860V
/ 0487V
' -0-607V ——— 0637V
1 1 | 1 | 1 [ - ;_ Il
0-2 04 0-6 0-8 10 12 14 16 18
time (sec.)

Fig.7211. i-t potentiostatic tmnsnenfs ft1)r the electrodeposnhon of Molybdenum at
tungsten, from a 728x10 molkg" soln. of MOC%

gLl



73238 O -.607
X —.637
v -.B6
£ —.954

.3973

togli)

.04706 4

—~.2956 A

_.6383 T T T 1

-1.699 —1.449 -1.199 logll) -.9490 -.6990

Fig.7.2.1.2. Plots of 1log i vs 1log t, for the rising
current region corresponding to Mo deposition at Ww.
(C=7.28 x1073molkg’/1)y _ o7

327
X —.637
v
v -.B6
=  —.954
*
2.4568 iy
E 3
i
(mA)

1.6435 -
[m]
83025 -
/ s
Sy
/’/i /
-
017 & . . - : :

.00283 .01003 01723 t¥2ge0¥2.02442 .03162

Fig.7.2.1.3. Plots of i vs t372, for the rising current
region corresponding to Mo deposition at Ww.
(C=7.28 x10~3mol1kg~1)

117



118

t172 coresponding to growth of the nuclei. After the
rising current stage, the current decays according to t172
shown in Fig.7.2.1.4. Similar responses for the rising and
falling sections of the curves are found for a 28.7 x10~3
molIcg‘1 solution of MoCl3 at a tungsten electrode.
(Figs.7.2.1.5-7.2.1.9). At a Pt electrode the same effects

are observed.(Figs.7.2.1.10-7.2.1.12)

7.2.2.Characteristics of the i-t transients developed for

carbon deposits.

The potentiostatic transients produced for carbon
deposition revealed no rising current region.(Fig.7.2.2.1)
After the initial sharp rise in current corresponding to
the double layer charging, then a decaying current is
observed. The overpotential scales the response, but does
not alter its shape, which may be due to the charge
transfer process being slow and should reveal a t~172
decay for short times. Figs.7.2.2.2. and 7.2.2.3. show
this dependence. This relationship does not hold at long
times, again indicating the irreversiblity of the charge
transfer process.(section 1.4.2.) This lack of nucleation
Phenomena indicates the irreversiblity that might be
expected for the reduction of an oxyanion. '
7.3.CHARACTERISTICS OF MOLYBDENUM AND CARBON

DEPOSITED ON STAINLESS S'TEEL SUBSTRATES.

As the most versditile and widely used bulk
metal, stainless steel, offers a good combination of
properties for unit cost. But in situations requiring high
wear resistance, surface treatments are used, to Kkeep cost
low, but achieve the required characteristics.(e.g. drill
bits) Thus the deposition of molybdenum and carbon on to
this metal was investigated, rather than on to "inert"
metals W,Pt, used for cyclic voltammetry and
chronoamperometry. Stainless steel was not used in these
experiments as the oxidation potential for iron is very

cathodic(-1.0 V )to that for the reduction of MoClg3~,Mo5*
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Fig7215. i-t potentiostatic transients for the electrodeposition
of molybdenum at tungsten, from a 28-7x10° molkg'1 soln. of
MoCl3
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and 022“ and would not have allowed the investigation of
these processes. In order to cathodically protect the
stainless steel large overpotentials for Mo deposition are
required. Unfortunately chronoanperometry at large
overpotentials, does not yield information about the
formation of nuclei. Deposition of carbon and molybdenum
was achieved at stainless steel electrodes by constant
potential electrolysis for a range of potentials greater
than -1.0 V wrt. Pt ref.

7.3.1.Characteristics of molybdenum deposits on stainless

steel substrates.

Molybdenum electrodeposits have been produced at
potentials from -1.0 to -1.6 V wrt. Pt ref., for various
times by constant potential electrolysis. A typical set of
coatings are shown in Fig.7.3.1.1, for potentials -1.6,-
1.4,-1.3 and -1.1 V. The M0C163‘ concentration of the
solutions used varied from 20 to 88 x10“3m01kg‘1, but this
did not appear to affect the morphology of the coatings or
their chemical composition, only the overpotential and
deposition time appear to affect these properties. There
is a progression in the morphology developed. Large
spherical particles are formed at high overpotentials,
decreasing in size and forming rippled layers as the
overpotential is decreased. The thicKkness of the coating
increases with increasing deposition time.

As was noted in section 7.2.1.,, at potentials
from -0.607 to -0.954 the nucleation of Mo at W and Pt
occurs by simultaneous nucleation and growth. As the
potential increases, these processes are expected to occur
similarly, but the number of nuclei formed and thus
beginning to grow at a particular instant will be higher
for a higher overpotential. This may account for the
change in surface morphology noted when changing the
overpotential from -400mV to -1000mV, when the surface
becomes progressively less rippled (136). At higher
overpotentials more sites are favoured for nucleation and

thus more even surfaces are observed. At -400mV the
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Fig.7.3.1.1. Molybdenum coatings deposited on stainless
steel for deposition potentials and times:— a) -1.6 V for
45 mins. b) 1.4 V for 36 mins ¢) -1.3 V for 1.5 hours. d)
-1.1 V for 15 mins.



overpotential is still sufficiently large to give the
conditions for mass transfer controlled growth of the
coating, this encourages the development of unstable
growth.(11) Thus a coherent layer of nuclei is not formed,
despite the good coverage caused by many nucleation sites.
X-ray diffraction of the coatings revealed their
chemical composition. A general trend was noted, for
increasing overpotentials compounds become increasingly
rich in Mo. Table 7.3.1.1. summarises the phases found for
various potentials and deposition times. For the longér
times, the coating is richer in Mo (FepMo from Fe3Mo),
noting (4) and (5) at the same potential. At these longer
times the presence of occluded melt is noted by the
presence of CaCl,.2H>0 as a phase. These time effects are
probably due to the increased amount of Mo deposited and
also the interdiffusion of Fe and Mo, which occurs rapidly

at these temperatures.

potential time phases present
(V) wrt Pt (mins.)
Ni-Cr-Fe(substrate)
1 -1.0 21
FeMo
Ni-Cr-Fe
2 -1.5 38 Cr-Fe-Mo-Ni
FesMo
Ni-Cr-Fe
Mo=Cr¢Fe
3 -1.6 45 5767718
FeMo
Mo
Ni-Cr-Fe
4 -1.3 10
Fe3Mo
Ni-Cr-Fe
5 -1.3 92 FesMo

CaCly.2H20

Table 7.3.1.1. PHASES FOUND BY X.R.D.FOR DIFFERENT Mo
DEPOSITION CONDITIONS
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Closer scanning electron microscopy of a deposit produced
at -1.6 V for 45 mins. revealed the formation of an
initial layer on the surface (shown in Fig.7.3.1.2.a) with
the unstable growth developing above.(b) Insitu energy
dispersive X-ray analysis of this coating revealed Mo,Ca
Cl™ and substrate peaks(c). X-ray analysis gave the
pattern indicated in Table 7.3.1.2.

These peaks reveal the expected occluded CaCl; as
CaCl,.476H20 and various Mo compounds and also Mo itself.
The development of increasingly rich Mo alloys at the
growing interface may be envisaged, when considering the
simultaneous deposition of Mo and substrate elements and
Mo diffusion.

7.3.2.Characteristics of carbon deposits on stainless

steel substrates.

Carbon electrodeposits have been produced at
potentials from -1.1 V to -1.9 V wrt. Pt for various
deposition times by constant potential electrolysis. A
typical set of coatings is shown in Fig.7.3.2.1. The
carbonate concentration of the solutions used varied from
12 to 184 x10 3molkg™l, but as with Mo, this does not
appear to affect the morphology or chemical composition of
the coating significantly. The effect of overpotential and
deposition time can be seen in Fig.7.3.2.1. Thicker
coatings are produced for longer times, but the fine
powdery surfaces produced are similar(Figs.7.3.2.1.a,b).

At higher overpotentials a much rougher and rippled
surface is formed.(Fig.7.3.2.1.c).

The large overpotential used for this
deposition(c), is likely to give rise to rapid nucleation
and good coverage, but unstable growth from these nuclei.
For lower potentials (a) the coverage is poorer but a more
coherent deposit is produced as more stable growth can
occur at this potential.

X-ray diffraction of these coatings revealed

substrate peaks, carbon, iron carbide and hydrated CacCls,.
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Fig.7.3.1.4. Molybdenum coating deposited on stainless
steel at -1.6 V for 45 mins. a) intial coating layer,

b) coating detail, c¢) E.D.A.X. analysis.

131



d values

sample Ni-Cr-Fe

Ni-Cr-Fe FejMo FejMo FeMo MosCrgFegyg CaCl,.6H07CaCly. 4Hy0

5.5130 5.87q4

4.304, 4.25; 4.604100
4.00;¢ 3.939g

3.9055 3.714

3.29;5 3.4265 3.2934
3.0143 2.9934
2.8644 2.9345
2.7445 2.7975

2.57g 2.5510 2.58¢0

2.514 2.485

2.3743 2.37qg 2.364¢ 2.38g5
2.2943 2.29 2.2749

2.2447 2.234¢ 2.214;
Table.7.3.1.2a. X.R.D. PEAKS AND THEIR ASSIGNMENTS,FOR Mo AT STAINLESS STEEL.
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d values

sample Ni-Cr-fe

Ni-Cr-Fe FejMo FepMo FeMo MosCrgFeyqg CaCljp.6H07CaCly.4H30

2.1733 2.1845 2.18400 2.16400
2.1149 2.11400

2.0879 2.05gg 2.08100

2.01g99 2.03100 2.024002-02100

1.9355 1.913g 1.90¢s

1.8319 1.78g5 1.8334

1.6943 1.7055
1.424¢ 1.4344 1.454g

1.3049 1.29500

1.27g 1.26400

1.204 1.21g5

1.1949 1.1735 1.19;9

1.1553 1.1750

1.01,4 1.0144

Table.7.3.1.2b.

X.R.D. PEAKS AND THEIR ASSIGNMENTS,FOR Mo AT STAINLESS STEEL.

€l
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Fig.7.3.2.1.Carbon coating deposited on stainless
steel for deposition potentials and times :— a) -1.1 V for

48 mins. b) 1.1 V for 31 mins. ¢) -1.9 V for 30 mins.
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The CaCl; occluded into the coatings hydrated upon
exposure to the atmosphere. At low potentials, hydrated
CaCl; was not found, again indicating the coherency of
these coatings. CaCl; could not be occluded as no
dendritic structure was developed and thus no hydrated
CaCl, was noted by X-ray diffraction in these coatings.
The diffraction peaks and their assignments are shown for
a carbon deposit produced at high overpotential in
Table.7.3.2.1.

7.4.DISCUSSION.

The processes of nucleation and growth of
electrodeposits of Mo at W and Pt, have been found to be
simultaneous nucleation and growth for a range of
overpotentials(-7 to 354mV). The same behaviour for Cr at
W, stainless steel and copper was reported by Vargas(135).
Thus at the higher overpotentials required to cathodically
protect stainless steel, this process may be assumed to
occur, but more rapidly. However this assumption is based
on the continued reduction of the monomer form of Mo(III).
This will only occur if sufficient M06163‘ is present in
solution. If not the reduction of the dimer may occur at
more cathodic potentials (large overpotentials for the
monomer reduction). The effect of this chemical
equilibrium on the nucleation process has not been
examined.(This potential range was not considered at W or
Pt.) Coatings produced at these constant potentials show
unstable growth phenomena, but good initial coverage of
the substrate. The unstable growth probably arises due to
the rate of charge transfer at the growing coating-/melt
interface being greater than that of the diffusion of
MoClG3“ (or the rate of dissociation of the dimer). This
results in favoured deposition for areas of coating
protruding into the melt( locally M0C163‘ richer regions

of the melt). Thus dendritic and columnar growth forms are



favoured. The high temperatures also allow good
interdiffusion of substrate and coating elements, such
that good coating adherence is likely.

The irreversible nature of the carbon from
carbonate deposition nucleation process which involves a
slow charge transfer step (110) gives coherent deposits at
potentials close to the reduction potential for carbonate.
At more cathodic potentials rough coatings which occlude
the melt during deposition are observed. A switch from
charge transfer to mass transfer control for the growth of
the coating may be occuring as the deposition potentials
become more cathodic. Iron carbide is also formed,
probably by the diffusion of C into the surface of the

substrate.
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8. CO-DEPOSITION OF MOLYBDENUM AND CARBON

8.1. INTRODUCTION.
In this chapter aspects of the co-deposition of

Mo and C are considered. The type of nucleation and growth
process for this co-reduction were investigated by
chronoamperometry at a tungsten electrode, and the
coatings produced at stainless steel electrodes were
examined by X.R.D. and scanning electron microscopy to
determine the nature of the coatings produced.
8.2.CHRONOAMPEROMETRY.

The i-t potentiostatic transients for the
potential range -1.202 to -1.322 V wft. Pt ref. were
examined. From the cyclic voltammetric analysis of MoClg3-
and carbonate system, the co-reduction to Mo and C occurs
in this potential range. (Fig.6.2.2.1) The same type of
waveform used for Mo andC separately (section 7.2) was
used here.

Fig.8.2.1. shows the i~-t transients obtained and
the rising current region observed indicates the presence
of a discrete nucleation stage in the formation of the
deposit. This is followed by the typical t-172 current
decay, due to the "slow" diffusion of reactants to the
electrode. The log t vs 1log i and the i vs t372 plots show
this power relationship for the rising portion.
(Figs.8.2.2.,8.2.3.)) Fig.8.2.3. shows how this process is
affected by increasing overpotential, giving steeper
gradients, indicating the relative ease of nucleation with
increasing overpotential. (This response is very similar
to that noted for Mo nucleation in section 7.2.1. This
t372 current dependence indicates the simultaneous
formation and growth of nuclei, the steeper gradients for
higher overpotentials indicating the increasing number of
nuclei formed. The current decay is shown to be a function
of t172 in Fig.8.2.4., and this is also similar to that

noted for Mo deposition.
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8.3.CHARACTERISATION OF Mo>C DEPOSITS ON

STAINLESS STEEL SUBSTRATES.

Molybdenum carbide deposits have been produced at

potentials -1.3 to -1.1 V wrt. Pt quasi ref.,, for various
times by constant potential electrolysis, the
concentration of M0C162“ varying from 10 to 88 %103
molkg~! and from 12 to 184 x1073 molkg !l C032". In
constrast with the carbon and molybdenum deposition, both
concentration and potential dependence are marked. Mo>C
coatings were only produced for the potential range -1.1
to -1.3 V and for concentrations such that the carbonate
concentration was >2X that of M0C153‘. At higher
potentials and higher relative Mole,3~ concentrations,
molybdenum and carbon coatings were produced rather than
the carbide. Under these conditions the coatings show
unstable growth phenomena, similar to that noted for
molybdenum. The dendritic structure developed is shown in
Fig.8.3.1. The surface morphology is shown in a, and b
shows the backscattered image of the same area as a. A
grey pear shaped particle shown in a, becomes white in Db,
indicating the difference in the topography and the
chemical composition of the coating. The constrast is
developed by topography and in b by the atomic number
distribution. Insitu E.D.A.X. for the substrate, and
various parts of the coating are given in c. A very
inhomogeneous phase distribution is revealed, with at
least three different "effective' atomic number phases
present. The E.D.A.X. anaysis indicates that one of these
phases is CaCl,, as peaks for Ca and Cl are present. A
section through the coating is shown in Fig.8.3.2., the
coating thickness being approx. 3vm. The secondary and
backscattered images a and b show areas corresponding to
occluded melt and other areas of varying chemical

composition. X.R.D. results of this coating are given in
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pear shaped particle.

4 — pear shaped particle.

— dark grea.
counts — general area.

energy (eV)

Fig.8.3.1.1. Surface of Mo,C coating deposited on
stainless steel at -1.3 V for 35 mins. a) secondary
electron image, b) corresponding backscattered image, c)

E.D.AX. analysis.
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Fig.8.3.2. Section of Mo,C coating deposited on stainless
steel at -1.3 V for 35 mins. a) secondary electron image

b) corresponding backscattered image c¢) ED.AX. analysis.



Table.8.3.1.,, showing the presence of substrate,
FeCrMo,Mo>C and hydrated CaCls.
8.4.DISCUSSION.

The particular conditions required for Mo;C
formation probably arise from the nature of the
interaction between the co-depositing species. The
molybdenum deposition directly from M0C163' is highly
favoured at these potentials, whereas, comparatively, the
deposition of C is not. At more cathodic potentials the
carbon deposits are likely to become more open and entrap
melt, and Mo deposition from the dimer will also occur.
Under these conditions the diffusion of C into
neighbouring Mo is difficult, assuming nucleation of Mo
and C occurs discretely. The concentration condition of
C03%~ >2X MoClg3~ could also be due to the favouring of
the monomer form of Mo(III) (low MoClg3~ concs, Chapter 4,
and high CO32" concs..Chapter 6.)and thus the favoured
deposition of Mo over C to give Mo,C proportionally. At
more cathodic potentials direct reduction of the dimer may
occur and in this case the prefered deposition of C over
Mo might occur. The extra €032~ concentration may also be
required due to the thermal decomposition of the C032‘ and
thus the effective C032_ concentration available for
reduction may be far less than that added.

The open structure of the deposit and the
observation of occluded melt would not favour the
formation of Mo,C by diffusion between discrete growing C
and Mo nuclei. The inhomogeneity of the coatings and the
presence of Mo alloys without C does not readily support
this method of formation. The large overpotential for Mo
deposition from monomer Mo(III) encourage the formation of
dendrites, whilst at these potentials more coherent C

coatings are produced. The dendritic structure of these
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d values

sample MoC FeCrMo Cr-Ni-Fe Ni-Cr-Fe CaCls;.6H0/CaCly. 4H0

.T733 4.60100
. 904 .9390

.09 - 4265

.9349 .94%¢> 2.9938

.7848 . 7975 2.7174

.5954, 2.6050

.5059 2.4-650
.3673 2.3730 2.3750 2.3865

NN N W W

.5860

.282>34 2.28100 2.27¢0
. 13100 2. 13100

.0879 2. 1050 2. 08100
.0379 2.01400 2.05g0 2.03100

.9634 1.965q
.87g 1.894>
.7939 1.8045 1.77s55

7558 1.751¢

.5913 1.574>
.555 1.5642
.5048 1.50;>

4457 1.4550 1.4344

.3550 1.3514 : 1.375
27106 1.2T16 1.29509 1.272¢ 1.26100

2513 1.26g 1.265

1740 1.1735

.09 1.0844 1.0749

R R R R e e e ke B = R R NN NN DN NN N W W

Table.8.3.1. X.R.D. PEAKS AND THEIR ASSIGNMENIS, FOR Mo AND C
DEPOSITION AT STAINLESS STEEL.



coatings may be due to the nucleation and growth of Mo,
with the nucleation of C on to the advancing Mo
dendrite“melt interface, followed by the diffusion of
carbon to form Mo;C at suitable sites. This method could
give rise to the inhomogenous Mo distributions, especially
as the charge transfer reaction to give C controls the
deposition and dendritic tips sites are not favoured for
this process. It can be envisaged that the dendrites
develop by the nucleation and growth of Mo but at less
favoured Mo nucleation sites C is deposited and local
diffusion gives Mo,C.

A complex mixture of the effects of the charge
transfer processes and mass transfer to and from the
electrode and the chemistry and interaction of melt
species seems the most liKkely means of Mo>C formation.
Further study and quantification of these processes is
required to indicate the real nature of this deposition

and carbide formation.
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9.0THER INVESTIGATIONS
9.1.INTRODUCTION

This chapter indicates some of the other "lines"

of investigation for the electrodeposition of refractory
metal carbides which have been examined. In particular
the electrodeposition of titanium carbide has been
considered.
9.2.THE ELECTRODEPOSITION OF TITANIUM AND
CARBON FROM CHLORIDE MELTS.

Initially the co-deposition of titanium and
carbon from the molten LiCl-KC1l eutectic was considered,
especially as the deposition of Ti and C from this solvent
has already been investigated.(82,103). However the
carbonate and titanium species reacted readily in this
solvent and produced insoluble lithium titanates. In order
to avoid this problem the use of an oxide free source of C
was considered. CZZ‘ provides a suitable alternative
although the deposition of carbon occurs by the oxidation
of the carbide ion rather than its reduction.(117) The
carbide ion is also very unstable and reacts readily with
any impurities, generating Ca metal. This was found to be
an easy method for increasing the final melt purity, but
the generation of Ca metal gave rise to problems with the
melt, due to the solubility of this metal in the melt.
This was a particular problem as both carbide oxidation
and titanium chloride reduction occur close to the
cathodic limit of the melt. To extend this range and to
avoid confusion of pre cathodic limit reduction of
calcium, due to the presence of the Ca, with the Ti and
C22' waves, pure CaCl, was used rather than the eutectic.
This required the use of higher temperatures and thus
increased experimental difficulties. The cyclic
voltametric responses for TiClj containing and C22‘
containing melts at a tungsten electrode are shown in Figs

9.2.1.and 9.2.2. The combined solutes however did not
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yield a combined response, but the cathodic limit was
shifted anodically obscuring the response. Also
electrodeposition of both Ti and C did not yield TiC.
9.3 DISCUSSION

The acidity of TiCl3 is largely responsible for
the reaction with carbonates, especially as the ability of
chloride ions to complex titanium species is limited. This
effect has been noted in fluoride melts, where the
complexing power of F~ is much greater, but the titanium
ion is much more strongly attracted to oxide ions.
(revealed by the insolubility of K>TiO3 in FLiNaK(137))
In order to avoid the oxide ions generated by carbonates,
carbide appeared to be a suitable alternative, however the
generation of calcium metal by the thermal decomposition
of CaCy led to the loss of melt range.(114) This is
because the activity of calcium becomes less than unity,
due to the presence of dissolved calcium, this shifts the
Ca* ion reduction potential to more anodic potentials.
The generation of explosive acetylene also occurs. This Ca
metal may interfere with the deposition of Ti and C and

stop TiC formation by chemical oxXxidations and reductions.
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10.CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK.
The main findings of this study and possible

areas for extention are :—
a) The complex chemical and electrochemical behaviour of
anodically dissolved molybdenum, investigated by cyclic
voltammetry, was found to be consistant with a
disproportionation reaction forming volatile MoCls and Mo
metal :-

5 MoClg3~ ————> 2 Mo + 3 MoClg + 15 C1~

and the electrochemical-“chemical reactions: -

Mo®* + 2 e =———= Mo3"
2 MoClg3~ =——==—== MoxClg3~ + 3 C1~
MoClg3~™ + 3 € =——== Mo + 6 C1~

The anodically dissolved Mo forming an anionic complex

(M00163‘) with the melt Cl- ions before oxidation to Mo°*
at -0.45 V wrt. Pt quasi ref. when sweeping anodically.
Reduction to Mo occurs at -1.0 V, but the dimer
dissociation and reduction process occurs at more cathodic
potentials. (-1.4 V)

b) The monomer-dimer equilibrium affects the process
leading to the reduction to Mo. Increasing the temperature
and concentration of M0C163" shifts this equilibrium in
favour of the monomer and dimer respectively.

c) In order to predict the conditions required for
molybdenum deposition, these chemical and electrochemical
reactions, require quantification. Determination of the
equilibrium constants for the chemical reactions, would
indicate the relationship between the rate of loss of
MoC163" as MoCls and Mo and the rate of dimer formation
for a particular set of conditions.

d) The study of the cyclic voltammetric behaviour of
carbonate ions revealed an ill defined reduction wave
indicating that a complex reduction process was occurring
at —-1.1 V. This oxXyanion appeared to be irreversibly

reduced :-
CO32" + 4 ¢ ———> C + 3 02°



Also the thermal decomposition of CaCO3 at 820 - 8659C is

favoured: -
CaCO3 ==——=—= Ca2* + CO, + 0%~

e) To suppress this dissociation reaction a CO, protective
atmosphere only resulted in the co-reduction of CO;. At
these temperatures CO; is reduced to CO rather than
carbon. However sufficient carbonate ions remain in the
melt, despite their thermal decomposition, to allow
successful deposition of carbon.

f) The electrochemistry of both Mo species and cabonate
ions in CaCl; revealed that the presence of
carbonatesoxide ions in the melt, shifs the dimer“monomer
equilibrium in favour of the monomer, especially when the
carbonate ion concentration exceeds that of M0C163“-

g) The interaction of Mo®* with 027,052 and C032"
generates volatile oxychlorides, which are rapidly lost
from the melt.

h) Chronoamperometry at low overpotentials showed that
molybdenum deposition begins with a well defined

nucleation stage at tungsten and platinum, involving the

simultaneous formation and growth of nuclei. The growth of

these nuclei is controlled by the diffusion of Mo(lIl) to
the electrode.

i) The nucleation of carbon at tungsten, did not appear to
reveal any clear nucleation stage, and gowth was found to
be controlled by the charge transfer process.

J) The nucleation of both Mo and C together revealed
features consitent with the combined nucleation features
of Mo and C.

k) Further investigations of the nucleation process, for
larger potential and concentration ranges is required to
give more information about the nature of the two
nucleation processes occurring together. Also the study of
nucleation at stainless steel is desirable as the effect

of interaction with the substrate in the nucleation
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process could then be considered.
1) Electrodeposition of Mo at stainless steel substrates,
under potentiostatic conditions indicated the development
of dendritic type growth, due to the large overpotentials
used for deposition to cathodically protect the steel.
Good coverage of the electrode was achieved and alloying
with the substrate elements occurred. This was probably
due to the ease of diffusion at these temperatures. Melt
was occluded in the dendritic structures developed.
m) Electrodeposition of carbon at stainless steel
substrates, under potentiostatic conditions, revealed that
coherent deposits could be produced at potentials -1.1 to
-1.3 V, but at more cathodic potentials dendritic
structures were generated. Melt was again occluded in the
dendrites.
n) The conditions required for the potentiostatic
formation of Mo,C by the co-deposition of Mo and C at
stainless steel were found to be:-

i) deposition potentials in the range -1.1 to -1.3 V

ii) concentrations of carbonate ions >2X the

concentration of molybdenum ions.

Dendritic coating structures were developed with occluded
melt and an irregular phase distri liscion. The coatings were
not coherent.
o) The conditions of potentiostatic deposition studied do
not lead to the generation of electrodeposits suitable for
protective coatings. The use of more complex potentiql
pulse plating could be considered, especially if an inl}ial
layer could be formed at high overpotentials, so
protecting the substate. This would allow the use of low
growth overpotentials, possibly moving the growth process
from a mass transport controlled region to a charge
transfer controlled region, allowing the formation of
coherent deposits.
P) Investigations into the co-deposition of Ti from TiCl,

and C from C»%” did not yield TiC.
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